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KEY WORDS Abstract Remodeling the tumor microenvironment through reprogramming tumor-associated macro-
phages (TAMs) and increasing the immunogenicity of tumors via immunogenic cell death (ICD) have

ITEE:.ZS;?;E Zle d been emerging as promising anticancer immunotherapy strategies. However, the heterogeneous distri-

macrophage; bution of TAMs in tumor tissues and the heterogeneity of the tumor cells make the immune activation
Immunogenic cell death; challenging. To overcome these dilemmas, a hybrid bacterium with tumor targeting and penetration,
Bifidobacterium; TAM polarization, and photothermal conversion capabilities is developed for improving antitumor
Quantum dot immunotherapy in vivo. The hybrid bacteria (B.b@QDs) are prepared by loading Ag,S quantum dots

(QDs) on the Bifidobacterium bifidum (B.b) through electrostatic interactions. The hybrid bacteria with
hypoxia targeting ability can effectively accumulate and penetrate the tumor tissues, enabling the B.b
to fully contact with the TAMs and mediate their polarization toward M1 phenotype to reverse the
immunosuppressive tumor microenvironment. It also enables to overcome the intratumoral heterogene-
ity and obtain abundant tumor-associated antigens by coupling tumor penetration of the B.b with
photothermal effect of the QDs, resulting in an enhanced immune effect. This strategy that combines
B.b-triggered TAM polarization and QD-induced ICD achieved a remarkable inhibition of tumor
growth in orthotopic breast cancer.

Abbreviations: 4T1 cells, mouse mammary 4T1 tumor cells; AgNOs, silver nitrate; B.b, Bifidobacterium bifidum; B.b@QDs, hybrid bacteria; CRT,
calreticulin; CTLs, cytotoxic T lymphocytes; DLS, dynamic light scattering; EC cells, endothelial cells; GC, glycol chitosan; GSH, reduced glutathione;
H&E, hematoxylin—eosin; ICD, immunogenic cell death; Na,S, sodium sulfide; QDs, quantum dots; TAMs, tumor-associated macrophages; TEM,
transmission electron microscopy; TUNEL, transferase-mediated UTP end labeling; XRD, X-ray diffraction.
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1. Introduction

At present, immunotherapy has attracted great attention in cancer
therapy. It relies on activation of the immune system to attack the
malignant tumor cells'. Current immunotherapy strategies
mainly focus on activation of cytotoxic T lymphocytes (CTLs)>".
However, the tumor microenvironment is immunosuppressive,
which prevents the infiltration of the CTLs into tumors and
weakens the immune response’. The immunosuppressive micro-
environment is largely caused by the tumor-associated macro-
phages (TAMs), which constitute over 50% of the stromal cells
within the tumors and are critical in tumor progression™’. TAMs
can be educated by the tumor cells and tend to exhibit the pro-
tumor M2 phenotype to promote tumor invasion and meta-
stasis® '°. The phenotype of the TAMs can also be reprogrammed
from the pro-tumor M2 phenotype into anti-tumor M1 phenotype
under some stimulations, which can produce the proinflammatory
cytokines (IL-6, TNF-q, etc.) and activate the antitumor immune
response' ' '?. The polarization of TAMs to M1 phenotype for
cancer therapy has been achieved by using small molecule drugs
or nanomedicines'* '®. However, the low accumulation of small
molecule drugs and poor penetration of nanomedicines in the
tumor tissues often restrict their accessibility to TAMs due to their
heterogeneous distribution in tumor microenvironment. Therefore,
strategy that can target and penetrate the tumors and reprogram
TAMs comprehensively for improving the antitumor immuno-
therapy efficacy is in great demand.

Many studies have shown that anaerobic bacteria can effec-
tively target and penetrate the tumors'”'®. The hypoxic environ-
ment in tumors provides an ideal habitat for anaerobic
bacteria'® %, Bifidobacterium is a kind of anaerobic and probiotic
bacteria, which has been widely used as a medicine for intestinal
flora regulation™. Besides, Bifidobacterium also showed great
potential in enhancing antitumor immunity>*®>. They can migrate
from the guts and colonize in the tumors>®. Meanwhile, they can
enhance the phagocytic activity of macrophages and induce an
immune-favorable tumor microenvironment®®>’,

In addition to bacteria-mediated immune regulation, photo-
thermal effect can also lead to a favorable tumor microenvironment
for immune response”®. Photothermal therapy not only can directly
kill the tumor cells, but also can induce immunogenic cell death
(ICD) of tumor cells, enabling the release of tumor associated anti-
gens and the activation of dendritic cells to promote the recruitment of
CTLs” ', Moreover, photothermal therapy is a localized treatment
method with high controllability and noninvasiveness”*> ", Based
on this, the combination of bacteria therapy and photothermal therapy
might be a potential strategy to improve antitumor immunity. It may
remodel the tumor microenvironment through reprogramming TAMs
and increasing the immunogenicity of tumors for synergistic anti-
cancer therapy.

Herein, a hybrid bacterium is developed to serve as an
immunomodulator for polarizing M2 macrophages to M1 mac-
rophages and inducing tumor ICD to achieve enhanced antitumor
immune response. The hybrid bacteria were prepared by loading

Ag,S quantum dots (QDs) on the Bifidobacterium bifidum (B.b)
through electrostatic interactions. As shown in Scheme 1, the
hybrid bacteria with hypoxia targeting ability can effectively
accumulate and penetrate the tumor tissues, enabling the B.b to
fully contact with the TAMs and promote the polarization toward
M1 phenotype to reverse the immunosuppressive tumor micro-
environment. It also enables to overcome the intratumoral het-
erogeneity and obtain abundant tumor-associated antigens by
coupling tumor penetration of the B.b with photothermal effect of
the QDs, resulting in an enhanced immune effect. As a result, the
upregulated secretion of proinflammatory cytokines and the acti-
vation of CTLs were detected, leading to a remarkable inhibition
of tumor growth in orthotopic breast cancer.

2. Materials and methods

2.1.  Chemicals and materials

Silver nitrate (AgNOj3), reduced glutathione (GSH) and sodium
sulfide (Na,S) were purchased from Aladdin Reagent (Shanghai)
Co., Ltd. MRS liquid and agar media were purchased from Haibo
Biological Technology Co., Ltd. Glycol chitosan (GC) was pur-
chased from Sigma—Aldrich. ELISA kits for mouse TNF-« and
IL-6 were purchased from eBioscience. All the antibodies for flow
cytometry were purchased from Thermo Fisher Scientific. B.b was
provided by the China Center of Industrial Culture Collection.

2.2.  Cell lines and animals

Mouse mammary 4T1 tumor cells (4T1 cells), endothelial cells (EC
cells) and macrophages cells (RAW264.7) were obtained from
Sichuan University. They were cultured in DMEM medium (4T1
cellsand RAW264.7) or F12 medium (EC cells) added with 10% fetal
bovine serum. The peritoneal macrophages were collected from the
mice. First, the BALB/c mice were intraperitoneally injected with
starch broth (5%) for 3 days, and then fasted for 12 h. After this, they
were sterilized with ethanol solution (75%) and DMEM medium was
injected into the abdominal cavity. The suspension in the abdomen
was aspirated and peritoneal macrophages were obtained. M2 mac-
rophages were obtained by incubating the peritoneal macrophages
with IL-4 (40 ng/mL) for 24 h.

BALB/c mice (female, aged 4—5 weeks) were fed in an
experimental animal room at 37 °C with 55% of humidity. All
animal experiments were performed in compliance with the
guidelines approved by the Institutional Animal Care and Use
Committee of Sichuan Academy of Medical Sciences.

2.3.  Synthesis and characterization of the Ag>S QDs

For the synthesis of the Ag,S QDs, 400 pmol of GSH and
100 pumol of AgNO; were added to 75.0 mL of deionized water
and stirred for a few minutes. Then, 25.0 mL of Na,S solution was
added under stirring. After this, the pH of the mixture was
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Scheme 1

(a) Schematic of the preparation of NIR Ag,S QDs. (b) Schematic of the fabrication of the hybrid bacteria B.b@QDs. (c) Schematic

of the hybrid bacteria combined with tumor targeting and penetration, tumor-associated macrophage polarization, and photothermal conversion
capabilities for improving antitumor immunotherapy in vivo. The QD-hybrid bacteria with hypoxia targeting ability effectively accumulate and

penetrate the tumor tissues, enabling them to fully contact with the tumor-associated macrophages and enhance the polarization of M2 mac-
rophages to M1 macrophages. It also enables to overcome the intratumoral heterogeneity and obtain abundant tumor-associated antigens by
coupling tumor penetration of the B.b with photothermal effect of the QDs.

adjusted to 7.5 with NaOH and heated at 95 °C for 3 h. The Ag,S
QDs were purified via centrifuge ultrafiltration (10 kDa MW).

Fluorescence spectrum was collected on a Lengguang F98
spectrophotometer. X-ray diffraction (XRD) data was obtained on
a Philips X’Pert PRO XL-30 X-ray diffractometer. Transmission
electron microscopy (TEM) and elemental mapping were per-
formed on a Hitachi H-700H transmission electron microscope.
Fourier transform infrared spectroscopy (FT-IR) were performed
on a Thermo Nicolet 5700 instrument.

2.4.  Culture of B.b

B.b (CGMCC 1.2212) was added to a sterilized centrifuge tube
with a ratio of 10% bacterial solution and 90% MRS liquid culture
medium. Then they were placed in an anaerobic incubator and
cultured to reach the logarithmic growth phase. The bacteria were
collected by centrifugation at 1000x g for 10 min at 4 °C and rinsed
twice with sterile saline, and finally they were re-suspended with
ice-cold sterile saline to adjust the bacteria concentration. Bacterial
concentration was determined by plate colony-counting method.
2.5.  Preparation and characterization of the B.b@QDs

To prepare the B.b@QDs, 100 L of the bacteria (1 x 10° CFU/mL)
was mixed with 100 pL of GC solution (1 mg/mL). After incubation
for 30 min, the unbound GC was removed through centrifugation.
Then 100 pL of Ag,S QDs solution was added. After incubation for
another 30 min, the B.b@QDs were obtained by centrifugation again.

The B.b@QDs dispersed in PBS buffer were dropped onto a
carbon-coated copper net. Then TEM was used to observe the
binding of QDs on the B.b. For fluorescence colocalization anal-
ysis, the FITC-labeled bacteria were modified with the QDs to
obtain FITC and QD dual-labeled bacteria. The fluorescence im-
aging and flow cytometric analysis was performed to assess the
labeling efficiency and the stability of the B.b with the QDs. The
zetasizer instrument (Malvern) was used to detect the changes in
zeta potential of the B.b before and after modification.

2.6.  Bacteria and cell activity assay

In order to evaluate the activity of the bacteria after modification,
B.b, B.b-GC and B.b@QDs containing equal amounts of B.b were
diluted and cultured on solid MRS agar for 24 h to observe the
growth of the bacteria. The numbers of bacterial colonies in each
group were counted.

To evaluate the cytocompatibility of the QDs, the EC cells,
RAW264.7 cells and 4T1 cells were incubated with different
concentrations of QDs for 24 h. Then they were detected by
alamar blue kit and calcein-AM/propidium iodide kit according to
the instructions.

2.7.  Photothermal therapy in vitro

To evaluate the photothermal effect, 1 mL of the QDs or
B.b@QDs were irradiated under a near-infrared (NIR) laser
(808 nm, 1.0 W/cm?). During this process, the temperature was
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measured with an infrared thermal imager. To detect the photo-
thermal effect to tumor cells, 4T1 cells were treated with
PBS + NIR, QDs, QDs 4+ NIR, B.b, B.b@QDs or
B.b@QDs + NIR and then the cell viability was measured by live/
dead cell fluorescence staining.

2.8.  ICD in vitro

To evaluate the ICD of tumor cells induced by the
B.b@QDs + NIR, the exposure of calreticulin (CRT) on tumor
cell membrane were detected. 24 h after treated with QDs + NIR
or B.b@QDs + NIR, the 4T1 cells were fixed and incubated with
CRT monoclonal antibody under shaking. Then the FITC-labeled
secondary antibody was added and incubated. After staining with
DAPI, the cells were observed on a confocal microscope (Zeiss)
and detected by flow cytometry.

2.9.  Macrophage polarization with the B.b@QDs

Mouse peritoneal macrophages were used to verify the po-
larization effects of different formulations. After polarized to
M2 phenotype by IL-4, the peritoneal macrophages were
incubated with the materials for 3 h. After this, the excess
materials were removed by washing and the macrophages were
cultured for 24 h. Then, the macrophages were washed and
incubated with antibodies (FITC-anti-CD80, FITC-anti-CD206,
APC-anti-F4/80) at 4 °C for 30 min. Next, the macrophages
were filtered through a 200 mesh membrane and detected by
flow cytometry. Beckman CytoFLEX flow cytometry was used
to detect the signals and the data was analyzed using Flowjo
software.

To measure the cytokines secreted by macrophages after
polarization, M2 macrophages were cultured in the 6-well
plates (5 x 10°/well) and incubated with different materials
for 24 h. Subsequently, the cell supernatant was collected for
cytokine assay. Briefly, the release of TNF-« and IL-6 was
detected by ELISA according to the protocols. The concen-
tration of the cytokines can be obtained through a pre-built
calibration curve on the basis of the UV—Vis absorption of
the samples.

2.10.  Immunotherapy in vitro

The immunotherapy in vitro was assessed with a transwell sys-
tem. First, M2 macrophages and 4T1 cells were cultured in the
upper chambers and lower chambers of the transwell system with
aratio of 1:4 for 24 h, respectively. Then, QDs, B.b or B.b@QDs
were added to the upper chambers and incubated for 24 h. The
viability of the 4T1 tumor cells was detected by alamar blue
assay.

2.11.  Biodistribution and tumor penetration of the B.b@QDs
in vivo

To establish the tumor model, each 4—5 weeks old female BALB/c
mouse was injected with 2 x 10°4T1 cells on the mammary glands.
When reaching about 50 mm® in tumor volume, the treatment ex-
periments began.

To evaluate the biodistribution in vivo, NIR fluorescence im-
aging was performed after intravenous administration of QDs or
B.b@QDs. The NIR fluorescence imaging of the mice were per-
formed at 1, 4, 12, 24 and 48 h post-injection. The mice were

euthanized, and the tumor and main organs were harvested and
imaged at 24 h post-injection. The tumor tissues were also
sectioned for Gram staining analysis.

To evaluate tumor penetration of the bacteria, 4T1 tumor-
bearing mice were intravenously injected with QDs or B.b@QDs.
At 24 h post-injection, the mice were sacrificed, and the tumor
tissues were harvested and prepared into frozen sections. After
staining with DAPI, the slices were observed with a fluorescence
microscope (Zeiss).

2.12.  Anti-tumor immunity activation of the B.b@QDs in vivo

For photothermal imaging, the 4T1 tumor-bearing mice were
injected with PBS, QDs, B.b or B.b@QDs. After 24 h, the mice were
anesthetized and irradiated with an 808 nm laser (1.5 W/cm?).
During this process, infrared thermal images of the mice were
collected and analyzed (SmartView software).

Two days after photothermal therapy, ICD of the tumor tissues
were evaluated by Western blot analysis. After lysed by RIPA
lysis, the CRT proteins in the tumor tissues were separated by
SDS-PAGE, transferred to a PVDF membrane and detected with
electrochemiluminescence immunoassay.

To verity the polarization of the macrophages by the B.b@QDs
in the tumor microenvironment, the phenotype of the macrophages
was detected by flow cytometry on Day 3. The tumor tissue was
collected, washed, cut into smaller pieces, and then homogenized
to obtain a tissue homogenate. The tumor cell suspension was
filtered through a 200-mesh membrane. After that, 500 pL of
erythrocyte lysate was added and then cell suspension was
centrifuged at 350x g for 5 min to remove the lysates. Then the
cells were washed and re-suspended with PBS. Next, the cells
were stained with F4/80, CD80 and CD206 antibodies at 4 °C for
30 min and detected by flow cytometry.

To detect the cytokines secreted by macrophages in the tumor
tissues, immunohistochemical staining of IL-6, TNF-« and IL-10
after the treatment was carried out on Day 14. Immunohisto-
chemical staining of IL-6, TNF-« and IL-10 was performed on the
tumor sections according to the instructions of the immunohisto-
chemistry kit. Finally, the cytokines expressed on the tumor cells
were observed through an optical microscope.

To evaluate T lymphocyte activity in the tumor microenviron-
ment, immunohistochemical staining of CD8" and CD4" T cells
was performed on Day 14. The tumor tissue sections were incubated
with CD8* and CD4™ antibodies and FITC-labeled secondary an-
tibodies. After this, fluorescence images of CDS8" and CD4™ T cells
were performed by using a fluorescence microscope (Zeiss).

2.13.  Invivo anti-tumor study

When the tumor reached about 50 mm?, the mice were randomly
divided into six groups (n = 5) and the treatment experiment
began. PBS + NIR, QDs, QDs + NIR, B.b + NIR, B.b@QDs or
B.b@QDs + NIR were injected into the mice through the tail vein
on days 0, 3, 6. The tumor volume and mouse body weight were
measured every three days.

2.14.  Routine blood test

After the treatments ended on Day 21, the blood of the mice was
sampled. Then a standard blood analyzer was used for routine
blood test.
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3. Results and discussion
3.1.  Preparation and characterization of the hybrid bacteria

Ag>S QDs have been found to possess NIR fluorescence emission
and NIR photothermal effect, making them promising in biolog-
ical imaging and tumor therapy’>*’. In this work, the Ag,S QDs
were used to monitor the biodistribution of the hybrid bacteria and
induce ICD of the tumor cells. The Ag,S QDs were synthesized by
a hydrothermal method according to the literature with some
modifications®® (Scheme la). Briefly, AgNO;, GSH and water
were mixed to enable the binding of Agt with GSH. Then Na,S
was added to trigger the nucleation of the QDs. The mixture was
heated at 95 °C for 3 h for further growth of the QDs. The TEM
image (Fig. la) revealed that the Ag,S QDs were uniform
spherical nanoparticles, with an average size of 5.3 nm. The XRD
pattern of the QDs showed broad and overlapped diffraction
peaks, probably due to their small size (Supporting Information
Fig. Sla). The FT-IR spectrum (Supporting Information,
Fig. S1b) revealed that the GSH might bind on the QDs through
Ag-S bond since no noticeable absorption peak corresponding to
free thiol group (2490 cm™ ') was detected in the QDs. The
fluorescence emission peak of the Ag,S QDs was at 816 nm
(Fig. Slc). Within continuous irradiation of half an hour, the
fluorescence intensity of the QDs decreased only by 14.7%
(Supporting Information Fig. S2), indicating that they had good
fluorescence stability. Besides NIR fluorescence, they also showed
NIR photothermal effect under 808 nm laser irradiation. During
the five irradiation/cooling cycles, the Ag,S QDs showed stable
photothermal effect and the photothermal conversion efficiency
was 29.2% (Supporting Information Fig. S3).

The hybrid bacteria (B.b@QDs) were prepared by loading
Ag>S QDs on the B.b through electrostatic interactions according

Figure 1

to a previous report with some modifications*'. The assembly of
the negatively charged QDs on the bacteria was mediated by GC
(Scheme 1b). First, GC with positive charge was coated on the
B.b. Then the QDs bound with the bacteria via electrostatic ab-
sorptions. Representative TEM images of the B.b (Supporting
Information, Fig. S4a) and B.b@QDs (Fig. 1b and Fig. S4b)
were displayed. After modification with the QDs, there was no
significant change in the morphology of the bacteria and they
remained forked. As can be seen in Fig. 1b and ¢, some nano-
particles were on the bacteria in the B.b@QDs group. The high
resolution TEM image revealed that the lattice fringes of the
nanoparticles on the bacteria are the (122) planes of Ag,S
(Fig. 1c¢), indicating successful binding of the QDs on the bacteria.
The EDX element mapping showed the presence of both silver
and sulfur elements on the bacteria (Fig. 1d), also suggesting the
successful preparation of the hybrid bacteria.

Then, FITC-labeled bacteria were loaded with the QDs and
observed via fluorescence microscopy after 3 times of washing. As
shown in Fig. le, almost all the NIR fluorescence signals of the
QDs colocalized with the green fluorescence signals of FITC,
demonstrating the highly efficient modification of the bacteria
with the QDs. The assembly of the negatively charged QDs on the
bacteria was mediated by GC and the resulting B.b@QDs still
charged negatively (Supporting Information Fig. S5a). This as-
sembly was very controllable and the content of the QDs on the
bacteria could be controlled by adjusting the GC concentration
(Fig. S5b). The GC concentration of 1 mg/mL was chosen for the
subsequent preparation of the B.b@QDs based on the optimiza-
tion. At this condition, the positive percentage of the QDs modi-
fied B.b reached as high as 95.7%, quantitatively evaluated by
flow cytometry (Fig. 1f). To evaluate the stability of the QDs on
the bacteria, the hybrid bacteria were incubated with a culture
medium for 48 h under shaking at 37 °C and then measured by

—Bb
— B.b@QDs
—B.b@QDs-48 h

Count

gy
10 10 107 10
QDs

Characterization of the hybrid bacteria. (a) TEM image of the Ag,S QDs. (b) TEM image of the B.b@QDs, (c) High resolution TEM

image of the B.b@QDs and the Ag,S QDs on the B.b@QDs (inset). (d) Elemental mapping images of the Ag,S QDs on the B.b@QDs. (e)
Fluorescence images of FITC-labeled B.b after modified with the Ag,S QDs. (f) Flow cytometric histograms of the B.b, B.b@QDs and

B.b@QDs-48 h (incubation with DMEM medium for 48 h).
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flow cytometry. As shown in Fig. 1f and Supporting Information
Fig. S6, no significant decrease in QD signals was detected,
suggesting good stability of the QDs on the bacteria.

3.2.  Photothermal therapy and ICD in vitro

After the QD modification, the viability of the B.b was not
significantly affected and the survival rate retained approximately
75% (Supporting Information Fig. S7). The hybrid bacteria
inherited the NIR photothermal effect from the QDs and the
photothermal conversion efficiency of the B.b@QDs was 29.9%
(Supporting Information Fig. S8). Under the irradiation of 808 nm
laser for 10 min, the temperature of the QDs and the B.b@QDs
solution raised about 10 °C (Fig. 2a and b). While the hybrid
bacteria had the photothermal conversion ability, their activity was
expected not to be affected. So the temperature tolerance of the
bacteria was then examined. It was found that they can still
maintain high activity at 45 °C (Supporting Information Fig. S9),
which can also meet the demand of photothermal treatment of
tumors. To confirm this, the viability of 4T1 tumor cells were

a 0 min 5 min 10 min

lnu48 )

2] ——aDs+NIR
—— B.b@QDs*+NIR —

QDs
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AT (°C)

w
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Time (s)

DAPI

o

QDs+NIR Control

B.o@QDs+NIR

Figure 2

PBS+NIR

evaluated via live/dead cell staining assay after being pretreated
with the hybrid bacteria under the laser irradiation. During the
irradiation, the temperature was carefully controlled to maintain at
45 °C for 10 min in both the QDs + NIR group and the
B.b@QDs + NIR group. In these two groups, almost all the cells
died in the irradiation area while no dead cells were observed in
other groups without NIR photothermal effect (Fig. 2c and
Supporting Information Fig. S10).

The photothermal effect of the hybrid bacteria is further ex-
pected to induce ICD of the tumor cells*”. The exposure of CRT
on tumor cell membrane, a sign of ICD, was detected by immu-
nofluorescence staining. As shown in Fig. 2d, there were CRT
fluorescence signals on 4T1 tumor cells in the QDs + NIR group
and B.b@QDs + NIR group, suggesting the photothermal treat-
ment led to ICD. The flow cytometry was performed to further
detect the CRT quantitatively. The positive rate of CRT in the
B.b@QDs + NIR group was 34.3%, slightly higher than that in
the QDs + NIR group (32.9%, Fig. 2e). All the results indicated
that the hybrid bacteria with photothermal effect could trigger ICD
of the tumor cells.

QDs+NIR

B.b@QDs+NIR

» B.b@QDs+NIR

A Control
1 2

10 10 10 10
QDs

Count

In vitro photothermal therapy and ICD induced by the hybrid bacteria. (a) Infrared thermal images of the QDs and B.b@QDs under

the irradiation of 808 nm laser (1.0 W/cm?). (b) Temperature curves of the QDs and B.b@QDs under NIR laser irradiation. (c) Fluorescence
images showing the cell viability of 4T1 cells treated with different materials. (d) Fluorescence images of CRT expressed on the 4T1 tumor cells
after treated by different materials. (¢) Flow cytometric histograms and corresponding mean fluorescence intensity of CRT expressed on 4T1

tumor cells after different treatment (n = 3). ***P < 0.001.
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3.3.  Polarization of macrophages by the hybrid bacteria in vitro
In order to verify the immune activation ability of the B.b, the
polarization of the peritoneal macrophages from M2 to Ml
phenotype with the hybrid bacteria was tested in vitro. The flow
cytometric analysis showed that the expression of CD80 (a sign of
M1 macrophage) in the B.b group and the B.b@QDs group
increased to 78.21% and 71.78%, respectively (Fig. 3a). Mean-
while, the expression of CD206, a sign of M2 macrophage, in the
above two groups decreased to 25.1% and 29.3%, respectively.
However, the QDs group exhibited no significant polarization
effect since the expression of CD80 was only 8.65%. The acti-
vation of the macrophages by the hybrid bacteria might be
mediated by the recognition and phagocytosis of the bacteria with
the macrophages. As illustrated in Supporting Information
Fig. S11, the engulfing of the B.b@QDs by the macrophages
was observed on a fluorescence microscope.

After the reprograming, we tested the changes of the immune
promoting cytokines secreted by M1 macrophages using the
ELLISA kit. The results showed that the expression level of the

TNF-« and IL-6 was significantly increased under the action of
the B.b and the B.b@QDs (Fig. 3b). The contents of the TNF-«
and IL-6 in the B.b@QDs group were 3.7 and 2.9 times higher
than those in the control group, respectively. It was reported that
TNF-a could directly induced apoptosis of the tumor cells*. To
further investigate the polarization of macrophages enhanced the
killing effect to 4T1 cells, a transwell system was fabricated, as
depicted in Fig. 3c. The survival rate of the 4T1 cells in the B.b
group and the B.b@QDs group decreased to 42.7% and 48.0%,
respectively (Fig. 3d). However, without the B.b, no significant
killing effect was observed and the survival rate retained 96.8% in
the QDs group. The above results showed that the hybrid bacteria
could polarize the macrophages into tumoricidal M1 phenotype
and thus enhance the killing ability to cancer cells.

3.4.  Biodistribution and tumor penetration of the hybrid
bacteria in vivo

The tumor targeting of the hybrid bacteria in vivo was monitored via
NIR fluorescence imaging after the intravenous injection. In the
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Polarization of macrophages by the hybrid bacteria in vitro. (a) Surface markers of M1 macrophages (CD80", F4/80") and M2

macrophages (CD206™, F4/80™) in different groups, detected by flow cytometry. (b) Concentration of TNF-« and IL-6 in the supernatant after co-
incubation of macrophages with different materials (n = 3). The cytokine expression level was detected by ELISA. (c) Schematic illustration of a
transwell system, which is used to detect immune response in vitro. (d) Cell viability of 4T1 cells in the transwell system after treated with

different materials (n = 3). ***P < 0.001.
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B.b@QDs group, strong NIR fluorescence at the tumor site was
observed at 24 h after the injection and the signal could still be
observed at 48 h post-injection (Fig. 4a). However, in free QDs
group, no significant accumulation in the tumor was observed
during the 48 h. Moreover, the tumor and main organs were harvest
and imaged to directly evaluate the bio-distribution at 24 h post-
injection. As shown in Supporting Information Fig. S12, the ICP-
MS results were consistent with the in vivo imaging results, which
showed a significant accumulation of the B.b@QDs in the tumor.
This might be attributed to the hypoxia-specific targeting of tumor
mediated by the bacteria. The free QDs exhibited no significant
accumulation in both the tumor and the organs, probably due to the
rapid elimination of the small sized QDs from the body. In addition,
Gram staining of the tumor sections from the B.b@QDs group was
performed to observe the bacteria. The results showed that B.b
existed in the tumor tissues, as indicated by the arrows in Fig. 4b.
Based on this, we further evaluated whether the hybrid bacteria
could penetrate the tumor and reach the hypoxic tumor cores. The
fluorescence images of the tumor sections showed that the B.b@QDs
distributed throughout the whole tumor about 1 cm in diameter,
suggesting that they could penetrate the tumor deeply (Fig. 4c).
Compared with the bacteria group, the free QDs group showed very
weak fluorescence signals due to their low accumulation in the tu-
mors. These results demonstrated that the hybrid bacteria could
specifically target and deeply penetrate the tumor tissues.

3.5.  Antitumor immunity activation of the hybrid bacteria
in vivo

We further investigated whether the hybrid bacteria combined
with tumor targeting and penetration, macrophage polarization
and photothermal conversion capabilities could activate antitumor
immunity in vivo. The NIR photothermal treatment of the mice
bearing 4T1 breast tumor was carried out at 24 h post-injection,
and the temperature was monitored via photothermal imaging.
Under the irradiation of 808 nm laser for 10 min, the temperature
at the tumor site in the B.b@QDs + NIR group reached 45 °C
while other groups had only a little or no rise in temperature
(Fig. 5a and b). The temperature was maintained for another
10 min for photothermal treatment. Two days after the photo-
thermal treatment, the CRT expressed by tumor cells was tested
through Western blot analysis. The results showed that the
B.b@QDs + NIR group had a higher expression level of CRT
compared to the QDs + NIR group (Fig. 5¢), which might be due
to more accumulation of the B.b@QDs in tumor. These results
indicated that the hybrid bacteria combined with NIR laser irra-
diation can induce ICD to the tumor cells in vivo.

In addition, the phenotype of the macrophages in the tumor
tissues was detected by flow cytometry. The relative number of
M1 macrophages (CD80", F4/807) in the B.b@QDs + NIR
group increased from 10.01% to 19.78% and the relative

C QDs
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Biodistribution and tumor penetration of the hybrid bacteria in vivo. (a) NIR fluorescence images showing the biodistribution of free

QDs or B.b@QDs in the body of mice. (b) Gram staining images of tumor tissue sections from the PBS group and the B.b@QDs group. The green
arrows point to the bacteria. (c) Fluorescence images of the 4T1 tumors with the maximum sections at 24 h after the injection of QDs or B.b@QDs

and corresponding line profiles.
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number of M2 macrophages (CD206", F4/80") decreased from
40.59% to 26.8% compared with the control group (Fig. 5d).
The deep penetration of the hybrid bacteria in the tumor made
them fully contact with the TAMs and led to a good polariza-
tion effect, and the M1/M2 ratio in the B.b@QDs + NIR group

(0.74) was 1.7-fold that in the QDs + NIR group (0.43,
Supporting Information Fig. S13). Moreover, we found that the
M1/M2 ratio in the B.b@QDs + NIR group (0.74) was also
higher than those in the B.b + NIR group (0.53) and the
B.b@QDs group (0.58). Since the QDs had no significant
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Figure 5  Antitumor immunity activation of the hybrid bacteria in vivo

. Infrared thermal images (a) of 4T1 tumor-bearing mice intravenously

injected with various formulations with or without 808 nm NIR laser irradiation and the corresponding heating curves (b) at the tumor sites in

mice. (c) Expression of CRT in tumor tissues of the BALB/c mice after
rophages (CD80", F4/80") and M2 macrophages (CD206", F4/80") fro
formulations, detected by flow cytometry. (¢) Immunohistochemical stain
groups. (f) Immunofluorescence images of the CD8" and CD4™ T cells i

treated with different formulations. (d) Surface markers of M1 mac-
m the tumor tissues of the BALB/c mice after treated with different
ing images of IL-6, TNF-q«, IL-10 in the tumor tissues from different
n the tumor tissues from different groups.
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polarization effect, this might be ascribed to the photothermal
effect-enhanced tumor polarization**. The polarization of the
TAM from M2 to M1 phenotype by the hybrid bacteria led to a
significant up-regulating of the pro-inflammatory cytokines,
such as TNF-« and IL-6, and a significant down-regulating of
the immunosuppressive cytokines, such as IL-10 (Fig. 5e). The
immunogenic cell death and the macrophage polarization could
enhance T lymphocyte activity and the CD8" and CD4" T cells
in the tumor tissues were detected via immunofluorescence
staining. As shown in Fig. 5f, no significant fluorescence sig-
nals from the CD8" and CD4" T cells were observed in the
free QDs group and the QDs+NIR group, probably due to their
low accumulation in the tumors and weak immunity activation.
There were a number of CD8" and CD4' T cells in the
B.b+NIR group, the B.b@QDs group and the B.b@QDs + NIR
group, possibly because the polarization of the macrophages by
them stimulated the T lymphocyte response. Taken together, the
polarization of the macrophages and the ICD of the tumors
induced by the hybrid bacteria collaboratively enhanced the
anti-tumor immune activation of T cells.

3.6.  Antitumor efficacy of the hybrid bacteria in vivo

The hybrid bacteria could active antitumor immune response in the
tumor microenvironment, and the antitumor effect in vivo was

further investigated. As shown in Fig. 6a—c, the QDs group showed
no obvious tumor inhibition compared with the PBS group, perhaps
because of their low accumulation in the tumors. By using the
bacteria as carriers, the tumor accumulation and penetration were
enhanced and the macrophage polarization was promoted. The in-
hibition rates of the B.b 4 NIR group and the B.b@QDs group were
58.8% and 57.3%, respectively (Fig. 6d). The B.b@QDs + NIR
group with both macrophage polarization and photothermal therapy
capabilities showed the best anti-tumor effect and the tumor inhi-
bition rate was 77.3%. The mouse weight was recorded every 3 days
after the first injection. During the 21 days of the treatment, there
was no obvious weight loss in all the groups (Fig. 6e), indicating no
systematic toxicity of the treatment.

The antitumor effect of the hybrid bacteria was further
investigated by H&E and TUNEL staining analyses. The H&E
staining results indicated that the tumor tissues treated by the
bacteria, especially by the B.b@QDs + NIR, exhibited a
remarkable nuclear condensation and fragmentation (Fig. 6f).
Whereas, in other groups, the tumor cells remained the normal
morphologies. The results from TUNEL staining also indicated
that the B.b@QDs + NIR group had a relatively higher level of
cell apoptosis. Overall, the hybrid bacteria targeted and pene-
trated the tumor tissues, polarized the TAM, induced ICD of the
tumor cells and finally led to a good antitumor immunotherapy
effect.
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Figure 6

In vivo antitumor effect. Photos of the mice (a) and the excised tumors (b) at the end of treatment on Day 21. Changes of tumor

volume (c), tumor inhibition rate (d) and body weight (e) of the mice receiving different treatments (n = 5). (f) H&E and TUNEL staining images
of the tumor tissues from the mice at the end of the treatment. **P < 0.01, ***P < 0.001.
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3.7.  Biosafety of the hybrid bacteria in vivo

The biosafety of the bacteria in vivo was evaluated by hematologic
analysis after the treatment ended on Day 21. The blood routine
indexes in the hybrid bacteria group were almost consistent with
those in the PBS group, suggesting good biocompatibility of the
hybrid bacteria (Supporting Information Fig. S14). Nonetheless,
the long term toxicity still needs to be evaluated before their
clinical transformation.

4. Conclusions

In summary, we have developed a hybrid bacterium that can
polarize M2 macrophages to M1 macrophages and induce ICD
of tumor cells for improving antitumor immune response
in vivo. Due to the hypoxia targeting of B.b, the hybrid bacteria
showed remarkable accumulation in tumor and could penetrate
the whole tumor up to 1 cm in diameter. With the polarization
of the hybrid bacteria, the ratio of M1/M2 in tumor tissues
increased by 1.3 times, promoting the secretion of proin-
flammatory cytokines and the activation of antitumor immunity.
They also induced ICD under the photothermal effect of QDs
and improved the infiltration of CTLs in the tumor tissues,
further enhancing the immune effect and inhibiting the tumor
growth. More importantly, the hybrid bacteria, which used the
intestinal probiotics as the immunomodulator and carrier, had
good biocompatibility in vivo, enabling their clinical
transformation.
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