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d tumor immunotherapy via
photothermally-programmed PD1 expression†

Wenxuan Xu,‡a Debao Ren,‡a Zimeng Yu,a Jia Hou,a Fan Huang,a Tingfang Gan,a

Ping Ji,b Cheng Zhang, a Lixin Ma*a and Yunhong Hu*a

The special microenvironment of a solid tumor promotes the orientation and colonization of facultative

anaerobes. Intratumoral bacterial infection disrupts the local vascular system to form a thrombus,

resulting in darkened tumor sites and enhanced near-infrared absorption. Based on this, we constructed

thermally-induced bacteria (TIB) to express programmed cell death protein 1 (PD1) at tumor tissue sites.

Under laser irradiation, the elevated temperature at the tumor site not only caused damage to tumor

cells but also induced the expression of PD1. Expressed PD1 bound to the ligand of PD1 (PD-L1) on the

tumor cell surface and facilitated its internalization and reduction, thereby relieving immune suppression

in the tumor microenvironment. Through the combined effects of photothermal therapy and immune

activation, the ingenious TIB@PD1 approach greatly inhibited the proliferation and metastasis of tumor

cells. Therefore, bacteria-based photothermal immunotherapy represents an appealing method for

tumor therapy with good specificity and selectivity.
Introduction

Due to the threat of a malignant tumor, thousands of people's
lives and health are affected every year.1 At present, surgical
resection, radiotherapy, and chemotherapy are known to be the
most frequently usedmethods for tumor treatment, but they are
accompanied by a series of problems, such as high risk, serious
surgical trauma, obvious side effects, severe pain, and easy
relapse.2,3 With deepening research into the mechanism of
tumor genesis and development, a growing number of targeted
tumor drugs and methods, such as immunotherapy, gene
therapy, photodynamic therapy, photothermal therapy (PTT),
and sonodynamic therapy, have been developed and clinically
applied for tumor treatment.4–9

Representatively, PTT as a new noninvasive strategy plays an
attractive role in tumor treatment. The heat produced by PTT
could lead to tumor cell pyroptosis and activate the body's
immune system at the same time.10–12 Taking advantage of the
controllability of light intensity, tumor growth would be
inhibited to a certain extent. But oncotherapy triggered by PTT
requires combination with a photosensitizer to help achieve
photothermal conversion,13 and the poor targeting ability of the
photosensitizer and limited deep tissue penetration of light
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restrict its efficacy and further application.14,15 Additionally, it is
usually difficult to achieve satisfactory results with PTT alone.
Therefore, combining PTT therapy with other therapies is an
increasingly popular option, aiming to kill tumor cells in deep
tissues without damaging surrounding tissues as well as
inhibiting tumor recurrence and metastasis.16

Recently, bacteria-mediated tumor therapy has attracted
more and more attention.17,18 Self-propelling through some
cytokines produced by tumors, facultative anaerobes could
migrate to the immunologically exempt compartment of tumor
tissues to escape systemic immune clearance.19,20 Taking
advantage of hypoxia targeting by bacteria, numerous studies
on utilizing bacteria as drug vectors or antitumor vaccines have
been reported. Aer being injected into the body, bacteria
specically colonize tumor tissues and activate the body's
innate immune response, accompanied by hindering tumor
proliferation without obvious side effects on normal organs.21–24

Meanwhile, inammatory factors will accelerate during bacte-
rial treatment, which could destroy the vessels around the
tumor. All these lead to the formation of a thrombus by
hemocyte cell extravasation, which darkens the surface of the
tumor and increases near-infrared absorption.25 These provide
support for the photothermal ablation of tumors without pho-
tothermal agents. It is reported that a temperature-sensitive
plasmid pBV220 could be thermally induced, leading to its
non-invasive expression of targeting protein by in vitro regula-
tion.26 Recently, the application of immune checkpoint inhibi-
tors (ICIs), such as programmed cell death protein 1 (PD1) and
cytotoxic T lymphocyte-associated protein-4, has been reported
for the treatment of various types of tumors,27 which has shown
Nanoscale Adv., 2022, 4, 1577–1586 | 1577
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more prominent efficacy in the clinical setting. The type of ICIs
used could relieve immunosuppression and boost the immune
response of anti-tumor cells.28–30 The application of clinical ICIs
has some disadvantages, such as low drug utilization rate,
obvious side effects, and high cost.31–33 Therefore, a great
demand remains for seeking alternative solutions to utilize
such immunotherapy agents effectively.

In this study, nonpathogenic Escherichia coli (E. coli) K-12
(MG1655) was selected as a carrier, and temperature-sensitive
plasmid pBV220/ClyA-mPD1E-3HA was transferred into the
bacteria. We constructed thermally-induced bacteria (TIB),
which could express PD1 by heat induction. Taking advantage
of the effects of bacteria enriching tumor sites and causing
thrombosis, the darkened tumor sites greatly improve the
ability to absorb near-infrared light. By controlling light inten-
sity and time, the expression of PD1 was precisely regulated by
heat. In tumor tissues, the expressed PD1 on the surface of the
bacterial membrane could bind to programmed cell death-
ligand 1 (PD-L1) on the tumor cell surface, which could
protect T cells from the PD1/PD-L1 immune inhibitory axis.
Therefore, PTT combined with TIB-initiated immunotherapy
can be strictly manipulated by adjusting the light conditions to
inhibit PD-L1-mediated immunosuppression and relieve the
inhibition of T cell proliferation. The activated immune system
could effectively inhibit tumor cell proliferation, as well as
metastasis and diffusion.
Materials and methods
Materials

E. coli gold and E. coliMG1655 (Table S1†) were purchased from
Beijing TransGen Biotech Co., Ltd (China). Six-week-old female
Balb/c mice were obtained from Three Gorges University
(Hubei, China). Mouse colon carcinoma CT26 cells were
provided by the China Center for Type Culture Collection
(Wuhan, China). Roswell ParkMemorial Institute-1640 medium
(RPMI-1640), fetal bovine serum (FBS), bovine serum albumin
(BSA), trypsin, and phosphate-buffered saline were bought from
Invitrogen Corp. Moreover, all other reagents and solvents were
used directly aer testing their analytical purity.
Construction of the plasmid

The plasmid pBV220 included a repressor gene TcI, pR–pL
operator–promoter gene, and an ampicillin-resistant gene. The
pBV220 plasmid was linearized by digestion with restriction
enzymes EcoR1 and Sal1. Next, the ClyA-mPD1E-3HA gene was
amplied from plasmid pET28a/ClyA-mPD1E-3HA (Chinese
Academy of Science, Beijing, China), using synthetic primers
which had a 15 nt homology-sequence matching the linearized
plasmid (Table S2†). The E. coli gold competent cells were
transferred the above two fragments for recombination by a T5
recombinant clone. Aer mass replication, the plasmids were
extracted and puried with a plasmid extraction kit (Thermo),
then transferred into E. coli MG1655. The engineered bacteria
were grown on ampicillin-resistant (100 mg mL�1) selection
Luria–Bertani (LB) agar plates at 37 �C overnight.
1578 | Nanoscale Adv., 2022, 4, 1577–1586
Western blot analysis

Western blot was used to analyze the expression of PD1
protein. Before lysis all samples had 10% SDS and 1% phe-
nylmethylsulfonyl uoride (PMSF) added. The supernatant
was mixed with loading buffer (250 mM Tris–HCl, 10% SDS,
50% glycerin, 0.5% BPB, 5% b-mercaptoethanol, pH 6.8),
followed by reaction at 100 �C for 10 min. The protein samples
were electrotransferred to a polyvinylidene uoride
membrane aer being separated by 10% SDS-PAGE electro-
phoresis. In addition, blots were incubated in 5% BSA block-
ing solution, then analyzed using antibodies raised against
horseradish peroxidase (HRP, mouse monoclonal antibody,
Proteintech, China), HA (rabbit polyclonal antibody, Pro-
teintech, China), or PD-L1 (mouse monoclonal antibody;
Proteintech, China), which were diluted 3000 times with 2.5%
BSA. Immunoreactive proteins were visualized with western
chemiluminescent substrate (Immobilon, USA) as per stan-
dard protocols.
Thermal-induced PD1 expression

The recombinant plasmid pBV220/ClyA-mPD1E-3HA was
transferred into E. coli MG1655, then analyzed by next-
generation sequencing. The positive strain was grown in 1 mL
of Luria–Bertani (LB) ampicillin-resistant liquid medium
(10 mg mL�1 NaCl, 5 mg mL�1 yeast extract, 10 mg mL�1

tryptone, 10 mg mL�1 agarose) overnight at 37 �C, and then
diluted to 100 mL with LB medium containing ampicillin until
the OD600 reached 0.6. Three incubator-shakers with 10 mL
cultures were individually kept at 37 �C, 42 �C, and 45 �C for 1 h.
For time-dependent experiments, 10 mL cultures were trans-
ferred to an incubator-shaker at 37 �C when the OD600 reached
0.6. These cultures were transferred to 42 �C conditions for 0,
10, 20, 40, and 60 min. The expression of PD1 in the bacterial
lysis was analyzed by Western blot.
In vivo biodistribution of bacteria

Tumor-bearing mice were intravenously injected at a dose of 108

CFU TIB and fed for 0, 12, 24, 48, and 72 h respectively. Aer
feeding at desired time points, the mice were sacriced to
collect the main organs such as heart, liver, spleen, lung,
kidney, and tumor tissues. These samples were weighed,
homogenized, and diluted to 1 mg mL�1 suspension in sterile
PBS, but tumor tissue was serially diluted to 0.1 mg mL�1.
Bacterial colonies were counted aer the tissue suspension
(100 mL) was plated on ampicillin-resistant LB solid plates at
37 �C for 24 h.
Enzyme-linked immunosorbent assays

Mouse blood was harvested at 0, 12, 24, and 36 h aer TIB
injection, and serum was centrifuged at 2500 g, 4 �C for 30 min.
Different vasodilator inammatory factors, such as BK, His,
LC4, and PAF in sera, were analyzed using the indicated ELISA
kit (Mlbio, Shanghai, China) following the protocols recom-
mended by the manufacturers.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Analysis of tumor thrombosis

CT26 tumor-bearing mice were individually intravenously
injected with PBS (100 mL), MG1655 (100 mL, 108 CFU), and TIB
(100 mL, 108 CFU). A camera was used to record the color
changes of the tumor surface 0, 12, 18, and 24 h aer injection.
To analyze the hemoglobin concentration in the tumor, mice
were sacriced 0, 12, and 24 h aer injection, and the tumor
tissues were collected, homogenized, and continuously diluted
to 10 mg mL�1 with ice-cold sterile PBS. An ultraviolet spec-
trophotometer was used to measure the absorbance at 540 nm.
Tumor blood platelet endothelial cell adhesion molecule-1 was
detected by immunohistochemical staining of CD31 antibodies.

Fluorescence imaging

Bacteria TIB and MG1655 were cultured until OD600 reached
0.6. 1 mL of bacteria medium were centrifuged at 5000 rpm for
2 min, then washed with PBS. The collected cells were resus-
pended in 1 mL of PBS with 200 mL of DiR solution at 37 �C for
20 min away from light. The labeled bacteria were intravenously
injected into the CT26 tumor-bearing mice (200 mL per mouse).
The uorescence signals at the tumor sites at 0, 4, 12, 24, and
36 h were recorded with a uorescence imager. For a parallel
group, the mice were sacriced, and their main organs and
tumor tissues were collected for individual uorescence
analysis.

Tumour animal model

Six-week-old female Balb/c mice were obtained from the Labo-
ratory Animal Center, of China Three Gorges University. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Wuhan
University and approved by Institutional Animal Care and Use
Committee (IACUC) of the Animal Experiment Center of Wuhan
University (Wuhan, China). Aer seven days of adaptive feeding,
the 7 week-old female Balb/c mice gained their normal weight
again. The mice were injected at a dose of 5 � 105 CT26 tumor
cells on the right buttock. Animals were used in the experiments
until the tumor volume reached approximately 100 mm3 (tumor
volume ¼ 1/2 � length � width2).

Photothermal imaging in vivo

The CT26 tumor-bearing mice were fed until the tumor volume
reached 100 mm3, then intravenously injected with MG1655
(100 mL, 108 CFU), and TIB (100 mL, 108 CFU) individually. 100
mL of PBS was injected for the negative control experiment. 24 h
later, a near-infrared laser (808 nm, 1.0 W cm�2) was utilized to
irradiate the mouse tumor site for 6 min, and the changing
temperatures at the tumor sites were recorded with an IR
thermal camera.

In vivo anti-tumor efficacy

Female Balb/c tumor-bearing mice were randomly divided into
ve groups (5 mice per group) and given different treatment
regimens: (1) PBS (100 mL PBS); (2) MG1655 (100 mL MG1655,
108 CFU per mouse); (3) MG1655 + L (100 mL MG1655, 108
© 2022 The Author(s). Published by the Royal Society of Chemistry
CFU per mouse); (4) TIB@PD1 (100 mL TIB@PD1, 108 CFU
per mouse); and (5) TIB + L (100 mL TIB, 108 CFU per mouse).
For the laser irradiation groups, the tumor regions were irra-
diated with an 808 nm laser (1.0 W cm�2, 8 min) 24 h aer
injection. Body weight and tumor volume in each group were
recorded every day with electronic scales and vernier calipers. At
the end of the treatment, the mice were sacriced, and the main
organs such as heart, liver, spleen, lung, kidney, and tumor
tissue were collected for H&E and immunohistochemical
staining.

Flow cytometry analysis

Aer 3 days of treatment, the peripheral blood of the mice was
extracted. 200 mL of peripheral blood was transferred to a 1.5 mL
microcentrifuge tube and incubated with 600 mL of erythrocyte
lysate solution for 15 min at 4 �C. Cells were harvested at 500 g,
4 �C for 10 min, then resuspended in 400 mL of erythrocyte lysate
buffer. 15 min later, the collected cells were resuspended and
washed with 500 mL of PBS (500 g for 5 min), then enumerated by
cell-count boards and diluted to 5 � 105 cells mL�1. The cells
were incubated for 1 h at room temperature with 300 mL of
sealing buffer (PBS solution with 0.5% BSA + 10% FBS). Fluo-
rescent antibodies such as CD3, CD8a, CD11b, and CD49b (Anti-
mouse Rat monoclonal, Proteintech, China) were added
following the instructions, and no antibody was used as a nega-
tive control. All samples were incubated at room temperature for
1 h, then collected at 500 g for 5 min. Aer being washed twice in
1 mL of incubation buffer (PBS solution with 0.5% BSA), the cells
were centrifuged at 500 g for 5 min, then the pellet was resus-
pended in 300 mL of PBS buffer. All data analysis was performed
using Flowing Soware, and gating for displayed images utilized
FlowJo_V10 (FlowJo, LLC).

Pulmonary metastasis model

The CT26 tumor-bearing mice were treated by different strate-
gies. 3 days later, 5 � 105 CT26 tumor cells were intravenously
injected into the mice. Aer 11 days of normal diet, the mice
were sacriced. Then the lung tissue was stripped for H&E
staining to evaluate the pulmonary metastasis.

Bio-safety assays in vivo

Female Balb/c mice were intravenously injected at a dose of 108

CFU TIB. Blood samples were collected for blood parameter
assays 0, 12, 24, 72, and 168 h aer intravenous injection. To
evaluate the function of the liver and kidney aer intravenous
injection, the peripheral blood of themice was collected at 0, 12,
24, 72, and 168 h; then biomarkers such as AST, ALT, GGT, CRE,
GLU, and urea were tested with an automatic biochemistry
analyzer.

Statistical analysis

The data were presented as the mean� standard deviation (SD),
and the statistical signicance was calculated via one-way
analysis of variance (ANOVA) and Tukey post hoc tests. All
statistical analyses were performed using GraphPad Prism 8.0.1
Nanoscale Adv., 2022, 4, 1577–1586 | 1579
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statistical analysis soware. A p-value <0.05 was considered
statistically signicant. *p < 0.05; **p < 0.01; ***p < 0.001.

Results and discussion
The construction and induced expression of TIB

The construction of TIB is shown schematically in Fig. 1A. A
custom-designed plasmid pBV220, containing temperature-
sensitive bacteriophage l repressor cI857 (TcI) and tandem
pR–pL promoter, was rst constructed. When the temperature
is under the threshold value, the repressor protein TcI will be
released to prevent pR–pL promoter and downstream protein
from expressing. Recombinant protein gene ClyA-mPD1E-3HA
genetically fused the bacterial outer membrane protein (ClyA)
and mouse PD1 ectodomain protein (mPD1E) and contained
three C-terminal hemagglutinin (HA) tags. Therefore, mPD1E
protein could be displayed on the surface of the bacteria, which
served as an ICI to activate T cells for tumor cell killing. ClyA-
mPD1E-3HA was mass replicated by a polymerase chain reac-
tion (PCR) program using synthetic primers, then linked with
plasmid pBV220 by a T5 recombinant clone and transformed
into E. coli gold for the mass replication of plasmids pBV220/
ClyA-mPD1E-3HA. Due to the serious inammatory response
Fig. 1 The construction and induced expression of TIB. (A) The construct
(B) The mechanism of PD1 expression based on plasmid pBV220. (C) SDS
box: target protein bands; W: whole cell lysate; P: precipitation of cell ly
expression of PD1 by TIB at 37 �C and 42 �C. (E) Temperature-dependen
PD1 protein at 42 �C.

1580 | Nanoscale Adv., 2022, 4, 1577–1586
caused by common Gram-negative bacterial endotoxins, in vivo
biosecurity is the primary consideration for a bacteria-based
tumor treatment platform. Gene knockout bacteria MG1655,
producing fewer lipopolysaccharides than the wild-type, is
extensively used for clinical application research due to its
noninvasive commensal feature. Therefore, the plasmids were
nally transformed into E. coli MG1655 aer extraction,
accompanied by activation of the expression of PD1 by heat.

A schematic diagram of the thermally-induced expression of
PD1 via plasmid pBV220 is exhibited in Fig. 1B. To conrm that
the recombinant protein PD1 (60 kDa) could be expressed by
MG1655 when the temperature exceeds the threshold, a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
assay was used for analysis (Fig. 1C). Under the incubation
condition of 37 �C, no target protein band was resolved by SDS-
PAGE. However, a signicant target protein band appeared
when incubated at 42 �C, which agreed well with the molecular
weight of the target protein ClyA-mPD1E-3HA. Western blot was
used to further conrm our judgment, and the strongest
expression of PD1 appeared at 42 �C (Fig. 1D). To verify the
thermally-induced TIB, the expression of PD1 at different
temperatures was detected by Western bolt assay. All those
ion of plasmid pBV220/ClyA-mPD1E-3HA and engineered bacteria TIB.
-PAGE analysis of the expression of PD1 by TIB at 37 �C and 42 �C; red
sate; S: supernatant of cell lysate. (D) Western blot used to identify the
t PD1 protein expression in MG1655. (F) Time-dependent expression of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples were induced by different ambient temperatures for 1 h
and, aer fragmentation and extraction steps, the solution of
PD1 proteins was obtained. As shown in Fig. 1E, the expression
of PD1 changed conspicuously when the culture temperature
increased. There was no expression at 37 �C and it began to
express at an ambient temperature of 42 �C. In particular, when
the incubation temperature reached 45 �C, the expression of
PD1 would be more than twice as much as that at 42 �C. The
contrast experiments conrmed the feasibility and reliability of
the plasmid we designed. Next, we explored the expression level
of PD1 cultured at 42 �C by sampling at different time points
(Fig. 1F). Aer being incubated for 10 min or more, the PD1
protein expressed by TIB could be detected. Remarkably, the
thermally-induced bacteria we designed could accurately regu-
late the expression of PD1 by ambient temperature and incu-
bation time.
The mechanism of TIB in vivo

Next, we explored the behavior of TIB in CT26 tumor-bearing
mice by intravenous injection at a dose of 108 colony-forming
units (CFU) per mouse. 0, 12, 24, 48, and 72 h aer injection,
the mice were sacriced to harvest the main organs and tumor
tissues. Aer homogenization, dilution, and plating onto an LB
Fig. 2 Mechanism of TIB in vivo. (A) Representative photographs of LB ag
mice. (B) A plot showing TIB accumulation in various organs and tumor
tumor. (C) The color changes of the tumor surface recorded using a cam
TIB injection. (E) Concentrations of LTC4, PAF, BK, and His in mice serum
microvascular density of tumors observed based on immunohistochem

© 2022 The Author(s). Published by the Royal Society of Chemistry
agar plate, the number of bacterial colonies on each plate was
counted (Fig. 2A). Interestingly, we found that the number of
TIB in the major organs was gradually eliminated. In marked
contrast, the bacteria in tumor tissues steadily increased over
time (Fig. 2B). We speculate that the tumor tendency of facul-
tative anaerobic bacteria and the eutrophication tumor micro-
environment caused this phenomenon.

It is reported that tumor sites would turn to an obviously
darkened color a few hours aer injecting bacteria into tumor-
bearing mice.24 In our experiment, CT26 tumor-bearing mice
were intravenously injected with TIB and MG1655 at an equal
dose of 108 CFU per mouse, and mice injected with 100 mL
phosphate-buffered saline (PBS) were used as a negative control
trial. At predetermined time points aer injection, the color
changes of the tumor sites were recorded with a camera
(Fig. 2C). It was interesting that the color of the tumor surface
continuously deepened aer bacteria were inoculated, whereas
there were no changes in the PBS group. Therefore, colonization
of bacteria within the tumor may mediate tumor-specic
thrombosis. To conrm our conjecture that the darkening of
the tumor was caused by thrombogenesis, the tumor tissues
were collected aer intravenous injection with TIB at different
time points to test the level of hemoglobin. As recorded at an
ar plates showing the CFU of TIB in various organs and tumor tissues of
tissues of mice; He: heart; Li: liver; Sp: spleen; Lu: lung; Ki: kidney; Tu:
era. (D) Hemoglobin enrichment at tumor sites at different times after
measured via ELISA 0, 12, 24, and 36 h after TIB inoculation. (F) The

ical sections; scale bar ¼ 100 mm.

Nanoscale Adv., 2022, 4, 1577–1586 | 1581
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absorption value of 540 nm by an ultraviolet spectrophotom-
eter, the hemoglobin concentrations in a tumor suspension of
bacteria-injected mice were signicantly increased within the
monitoring time (Fig. 2D). Thrombosis associated vasodilator
inammatory factors such as leukotriene C4 (LC4), bradykinin
(BK), platelet-activating factor (PAF), and histamine (His), which
could strengthen the capillary permeability and dilate the
vascular aperture, were further detected with an enzyme-linked
immunosorbent assay (ELISA). As shown in Fig. 2E, the
concentrations of all cytokines increased signicantly aer
bacterial injection. These elevated cytokines enticed blood to
spread out of the extravascular area, resulting in thrombosis
with the help of platelet activation. Moreover, we observed
tumor vascular destruction by immunohistochemical staining
with CD31 antibody. CD31, a marker of blood vascular endo-
thelial cells, could be used to evaluate vascular integrity. Fig. 2F
depicts the fact that the area of vessels labeled by CD31 anti-
body in the PBS group was signicantly higher than that in
other bacterial injection groups, and further statistics showed
that there was no signicant difference in vascular area between
group MG1655 and group TIB (Fig. S1†), indicating that tumor
vessels were damaged aer injection of bacteria. Therefore,
intratumoral bacterial infection and colonization would trigger
intratumoral thrombosis by disrupting tumor vessels, which in
turn would darken the tumor surface. The blackened area could
enhance the absorption of NIR and cause an extreme
improvement in the photothermal conversion efficiency to
Fig. 3 Photothermal therapy mediated by TIB. (A) Time-dependent in vi
DiR-labeled TIB and (B) the corresponding MFI of each group. (C) Time-d
change in temperature over time at tumor sites in different groups unde

1582 | Nanoscale Adv., 2022, 4, 1577–1586
provide support for subsequent photothermal therapy. Aer
intratumoral thrombosis, the number of bacteria could still
increase, so the formation of an intratumoral thrombus has
a positive effect on the photothermal treatment of bacteria.
TIB-mediated photothermal therapy

The biodistribution of bacteria in vivo could be visualized by
uorescence imaging. In our study, the cell membrane was
labeled with 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR) to evaluate the
tumor tendency of TIB. As shown in Fig. 3A, aer intravenous
injection of DiR-labeled MG1655 and TIB, the strong DiR uo-
rescence intensity was visualized in the tumor site over time,
revealing the tumor-targeting ability of the bacteria. 24 h later,
a strong uorescence signal could be detected in the tumor site
(Fig. 3B). At the same time, the parallel group of mice was
sacriced to collect the main organs containing heart, liver,
spleen, lung, kidney, and tumor tissues for mean uorescent
intensity (MFI) analysis (Fig. S2†). We observed a stronger
uorescence signal at the tumor tissues both in DiR-labeled
MG1655 and TIB groups, indicating that bacteria could be
especially enriched at the tumor sites. Based on the marked
tumor-targeting ability of bacteria and the darkened color on
the surface of tumor showing satisfactory NIR absorbance, we
next evaluated the conversion ability of intratumoral photo-
thermal therapy with an IR camera. The tumor-bearing mice
vo fluorescence imaging of CT26 tumor-bearing mice inoculated with
ependent photothermal imaging of MG1655 TIB at tumor sites. (D) The
r 808 nm NIR irradiation (1 W cm�2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were individually injected with MG1655 and TIB, and PBS was
used as the negative control. 24 h later, 808 nm laser irradiation
(1 W cm�2) was used to irradiate the site of the mice tumor for
6 min (Fig. 3C). Compared with the PBS group, the temperature
of the tumor sites in both MG1655 and TIB groups was
increased to about 46 �C under laser irradiation, showing
gratifying photothermal conversion efficiency (Fig. 3D). These
results supported the feasibility of bacteria-mediated tumor
photothermal therapy in vivo based on the formation of
a thrombus, which could activate the expression of PD1 when
the temperature is over 42 �C under laser irradiation.
Immune system activation by TIB@PD1 in vivo

In addition, the expression of PD1 would display on the surface
of TIB (TIB@PD1) aer being thermally-induced. We tested the
effectiveness of TIB@PD1 combined with CT26 tumor cells. The
results showed that tumor cells could combine with TIB@PD1
but not MG1655, and this phenomenon might be caused by the
binding of PD1 to PD-L1 on the tumor surface (Fig. S3†).

The immune checkpoint receptor protein PD1 could
concatenate PD-L1 on the surface of tumor cells and protect the
cells from immune attack. To verify that TIB@PD1 could affect
the PD1/PD-L1 immune inhibitory axis in tumors, tumor tissues
of mice in each group were stripped aer treatment, and
immunohistochemical staining of PD1 and PD-L1 were veried
Fig. 4 Immune system activation by TIB@PD1 in vivo. (A) Immunohistoch
tissue (brown); scale bar ¼ 100 mm. (B) Flow cytometry showing the T ce
quantitative analysis of CD3+ T cells in CT26 tumor-bearing mouse blo
tumor-bearing mouse blood. (E) Immunohistochemical images showin
bearing mouse tumor tissue (brown); scale bar ¼ 100 mm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4A and S4†). The level of PD-L1 within the CT26 tumor
tissues was signicantly higher in the PBS and MG1655 groups,
but almost not observed in the TIB + L group. We speculated
that this might be related to the shielding of the PD-L1 target by
PD1. According to the immunohistochemical staining of PD1, it
could be seen intuitively that the level of PD1 was signicantly
increased within the tumor tissues in the TIB@PD1 and TIB + L
groups. These phenomenamight be caused by the expression of
PD1 aer NIR irradiation and then block the PD1/PD-L1 axis.
CD8+ T cells would be highly limited by inhibitory receptor
proteins, such as PD-L1, which could induce the dysfunction of
T cells by interacting with receptor protein PD1 on the surface of
T cells. To conrm that immune evasion could be inhibited by
our strategy, ow cytometry was used to analyze the peripheral
blood cells of tumor-bearing mice aer three days of treatment
(Fig. 4B). Compared with the PBS group, we observed that the
percentage of CD8+ T cells in the TIB@PD1 and TIB + L groups
decreased signicantly. Given tumor immune evasion, the body
immune system might produce more CD8+ T cells to attack
tumor cells in the PBS group. With the improvement in the
efficiency of CD8+ T cells strangling tumor cells, the percentage
of CD8+ T cells in the TIB@PD1 and TIB + L groups recovered to
a low level (Fig. 4C). On the other hand, the percentage of CD3+

T cells in TIB + L-treated mice was much higher than that in the
PBS and MG1655 groups (Fig. 4D). Next, we studied whether the
emical images showing the proteins of PD-L1 and PD1 in CT26 tumor
ll distribution in CT26 tumor-bearing mouse blood. (C) Corresponding
od. (D) Corresponding quantitative analysis of CD8+ T cells in CT26
g CD8+ T cells and CD11b+ cells in different groups of CT26 tumor-
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innate immune system could be activated aer the treatment.
The proportions of CD11b+ cells (macrophages) and CD49b+

cells (NK cells) were analyzed by ow cytometry (Fig. S5†).
Compared to the PBS group, the percentage content of CD11b+

cells and CD49b+ cells obviously increased in the group injected
with MG1655 then subjected to near-infrared light irradiation
for 8 min (MG1655 + L), TIB@PD1, and the group injected with
TIB then subjected to near-infrared light irradiation for 8 min
(TIB + L). Considering that receptor protein PD1 was highly
exhausted on the surface of CD8+ T cells at the tumor site, the
PD1/PD-L1 axis was blocked with the expression of PD1, which
could enhance the inltration of CD8+ T cells. Fig. 4E demon-
strates this phenomenon by immunohistochemical staining of
CD8 of tumor sections. Immunohistochemical staining of
CD11b supported the idea that our treatment could also
enhance macrophage cell inltration (Fig. S6†). These results
Fig. 5 Bacterial therapy in vivo. (A) Tumor volume growth over time for m
time. (C) A photograph of excised tumor tissue after different treatmen
Tumor H&E staining in different groups; scale bar ¼ 100 mm. (F) Immuno
100 mm. (G) H&E staining of lung sections; black arrows indicate tumor m
treatment groups at tumor sites. (I) Routine analysis of blood from treate
biochemical analysis was performed using tumor-bearing mice after 12

1584 | Nanoscale Adv., 2022, 4, 1577–1586
indicated that the adaptive immune response and innate
immunity were activated by TIB-mediated photothermal
therapy, and the expression of PD1 would block the PD1/PD-L1
pathway-mediated immunosuppression.
Bacterial therapy in vivo

Based on the above analysis, we believe that bacteria-based
tumor therapy could achieve a good antitumor effect in vivo.
According to the therapeutic schedule in Fig. S7,† we next
evaluated the in vivo antitumor effect through the CT26 tumor-
bearing mice model. There were 5 mice in each group, and
MG1655, TIB, and TIB@PD1 were injected into the blood
vessels of mice through the tail vein at an equal dose of
108 CFU per mouse. For PTT groups, 24 h post-injection, the
mice were exposed to an 808 nm laser (1 W cm�2) for 8 min to
generate heat for PTT and induced expression of PD1 at the
ice in different groups. (B) Mouse body weights in different groups over
ts. (D) The final tumor weights after receiving different treatments. (E)
histochemical staining of Ki67 in different groups (brown); scale bar ¼
etastasis; scale bar ¼ 50 mm. (H) The number of Ki67+ cells in different
d mice 12, 24, 72, and 168 h after caudal vein injection. (J and K) Blood
h, 24 h, 48 h, and 168 h of TIB treatment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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same time. The tumor volume and body weight of the mice were
recorded over the following 14 days (Fig. 5A and S8†). Compared
with the average tumor volume in the PBS group, tumor
proliferation was inhibited to different degrees in the groups
MG1655, MG1655 + L, and TIB@PD1. Whereas the tumor
volume of mice treated with TIB + L was controlled below 300
mm3 at the end of treatment. These results demonstrated that
the additional expression of PD1 induced by PTT could further
weaken the tumor-specic PD-L1 blockade effect in vivo and
trigger T cells to attack tumor cells. During the 14 days of
treatment, the body weight uctuated slightly at the beginning
of treatment but recovered subsequently (Fig. 5B and S9†). At
the end of the treatment, the mice were euthanized to harvest
the tumor tissues for photography (Fig. 5C). Meanwhile, the
tumor tissues were weighed and counted in Fig. 5D, which also
conrmed the above results. Finally, the tumor tissues were
sliced for hematoxylin–eosin (H&E) staining (Fig. 5E) and Ki67
immunohistochemical staining (Fig. 5F). Widespread nuclear
pyknosis and karyolysis appeared in H&E staining aer treat-
ment by TIB@PD1 and TIB + L, revealing extensive damage to
and death of tumor cells. Meanwhile, the results of Ki67
immunohistochemical staining showed fewer proliferating
cells in the TIB + L group (Fig. 5H). Compared to the TIB@PD1
and MG1655 + L groups, these proofs expressly certied the
improved therapeutic effect of tumor-bearing mice treated by
TIB + L, which was mainly caused by the expression of PD1 in
conjunction with PTT. The blockage of PD1/PD-L1 pathway-
mediated tumor immune evasion by PD1 could enhance CD8+

T cell inltration and immunological memory. We veried our
hypothesis by establishing a lung metastasis model, and the
experimental results are shown in Fig. 5G and S10.† Aer three
days of therapy, the tumor-bearing mice were intravenously
injected at a dose of 5 � 105 CT26 tumor cells. At the end of
treatment, each mouse was sacriced and stripped of lung
tissue for H&E staining to evaluate the anti-metastasis ability.
These data showed that pulmonary metastasis was observed in
the PBS, MG1655, and MG1655 + L groups, but almost not
observed in the TIB@PD1 and TIB + L groups.

Biosafety is a wide concern for bacteria-mediated tumor
therapy, so we evaluated many aspects of safety. Firstly, to
evaluate the main blood cell concentration, blood samples were
collected at 0, 12, 24, 72, and 168 h aer intravenous injection
for blood parameter assays. As shown in Fig. 5I, all these
biomarkers uctuated around a normal level. Next, the function
of the liver and kidney were evaluated by blood biochemistry
assays, with mouse serum extracted at 0, 12, 24, 48, and 168 h
aer intravenous injection. Liver-function-related proteases,
like aspartate aminotransferase (AST), alanine transaminase
(ALT), and gamma-glutamyl transpeptidase (GGT), in the
treatment group were slightly elevated for the rst 24 h aer
injection and then tended to be normal. Aer 48 h, these rela-
tive proteases recovered to a normal range (Fig. 5J). Meanwhile,
kidney function was explained by biomarkers like urea and
creatinine (CRE). The level of relative biomarkers was in
a normal uctuation range. The relative concentration of
glucose (GLU) was slightly raised on the rst day and then
tended to be normal (Fig. 5K). These blood biochemical tests
© 2022 The Author(s). Published by the Royal Society of Chemistry
supported negligible side effects from our treatment when
treated in vivo. At the end of treatment, the main organs like the
heart, liver, spleen, lung, and kidney were stripped for H&E
staining, and no pathological changes were observed from H&E
(Fig. S11†). The above results supported bacteria-mediated
tumor therapy in vivo having better biosafety and therapeutic
efficacy.

Discussion

In this study, we broke with the traditional way of overcoming
the obstacles of low drug utilization efficiency and side effects
caused by systemic administration. Thermally-induced bacteria
were constructed, which were combined with a temperature-
sensitive plasmid pBV220 to initiate a downstream gene
under temperature regulation. In our treatment strategy,
bacteria could gather at the tumor site and cause thrombosis,
and the expression of the targeting protein PD1 could be acti-
vated by photothermal therapy, which in turn triggered
immune activation via protecting T cells from the PD1/PD-L1
immune inhibitory axis. In particular, this strategy showed
obvious biosafety and initiated PTT in the absence of a photo-
sensitizer. Utilizing the body's immune system to interfere with
the development of tumors provides a promising method for
tumor treatment.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Key Research and
Development Project of China (2021YFC2100100) and National
Natural Science Foundation of China (31800731). We owe
a great deal of thanks to Dr Xiao Zhao (University of Chinese
Academy of Sciences) for providing pET28a/ClyA-mPD1E-3HA
plasmid.

References

1 R. L. Siegel, K. D. Miller and A. Jemal, Ca-Cancer J. Clin.,
2017, 67, 7–30.

2 Q. Chen, C. Wang, X. Zhang, G. Chen, Q. Hu, H. Li, J. Wang,
D. Wen, Y. Zhang, Y. Lu, G. Yang, C. Jiang, J. Wang, G. Dotti
and Z. Gu, Nat. Nanotechnol., 2019, 14, 89–97.

3 W. Shen, Y. Zhang, P. Wan, L. An, P. Zhang, C. Xiao and
X. Chen, Adv. Mater., 2020, 32, 2001108.

4 R. S. Riley, C. H. June, R. Langer and M. J. Mitchell, Nat. Rev.
Drug Discovery, 2019, 18, 175–196.

5 M. A. Zaimy, N. Saffarzadeh, A. Mohammadi,
H. Pourghadamyari, P. Izadi, A. Sarli, L. K. Moghaddam,
S. R. Paschepari, H. Azizi, S. Torkamandi and J. Tavakkoly-
Bazzaz, Cancer Gene Ther., 2017, 24, 233–243.

6 Y. Liu, W. Zhen, L. Jin, S. Zhang, G. Sun, T. Zhang, X. Xu,
S. Song, Y. Wang, J. Liu and H. Zhang, ACS Nano, 2018, 12,
4886–4893.
Nanoscale Adv., 2022, 4, 1577–1586 | 1585

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00857a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 3
:5

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7 J. D. Shao, H. H. Xie, H. Huang, Z. B. Li, Z. B. Sun, Y. H. Xu,
Q. L. Xiao, X. F. Yu, Y. T. Zhao, H. Zhang, H. Y. Wang and P. K
Chu, Nat. Commun., 2016, 7, 12967.

8 H. Nesbitt, K. Logan, K. Thomas, B. Callan, J. Gao, T. McKaig,
M. Taylor, M. Love, E. Stride, A. P. McHale and J. F. Callan,
Cancer Lett., 2021, 517, 88–95.

9 X. Wu, H. Yang, X. Chen, J. Gao, Y. Duan, D. Wei, J. Zhang,
K. Ge, X. Liang, J. Huang, Y. Feng, S. Zhang, R. Chen and
X. J. Chang, Biomaterials, 2021, 269, 120654.

10 S. Hong, D. W. Zheng, C. Zhang, Q. X. Huang, S. X. Cheng
and X. Z. Zhang, Sci. Adv., 2020, 6, eabb0020.

11 J. X. Fan, Z. H. Li, X. H. Liu, D. W. Zheng, Y. Chen and
X. Z. Zhang, Nano Lett., 2018, 18, 2373–2380.

12 S. B. Wang, C. Zhang, J. J. Ye, M. Z. Zou, C. J. Liu and
X. Z. Zhang, Sci. ACS Cent., 2020, 6, 555–565.

13 C. C. Chuang, Y. N. Chen, Y. Y. Wang, Y. C. Huang, S. Y. Lin,
R. Y. Huang, Y. Y. Jang, C. C. Yang, Y. F. Huang and
C. W. Chang, ACS Appl. Mater. Interfaces, 2020, 12, 30021–
30030.

14 Z. Long, J. Dai, Q. Hu, Q. Wang, S. Zhen, Z. Zhao, Z. Liu,
J. J. Hu, X. Lou and F. Xia, Theranostics, 2020, 10, 2260–2272.

15 M. Zhou, H. Huang, D. Wang, H. Lu, J. Chen, Z. Chai,
S. Q. Yao and Y. Hu, Nano Lett., 2019, 19, 3671–3675.

16 C. Li, W. Zhang, S. Liu, X. Hu and Z. Xie, ACS Appl. Mater.
Interfaces, 2020, 12, 30077–30084.

17 N. S. Forbes, R. S. Coffin, L. Deng, L. Evgin, S. Fiering,
M. Giacalone, C. Gravekamp, J. L. Gulley, H. Gunn,
R. M. Hoffman, B. Kaur, K. Liu, H. K. Lyerly,
A. E. Marciscano, E. Moradian, S. Ruppel, D. A. Saltzman,
P. J. Tattersall, S. Thorne, R. G. Vile, H. H. Zhang, S. Zhou
and G. McFadden, J. Immunother. Cancer, 2018, 6, 78.

18 E. Dolgin, Nature, 2020, 577, S16–S18.
19 B. Mostaghaci, O. Yasa, J. Zhuang and M. Sitti, Sci. Adv.,

2017, 4, 1700058.
20 N. S. Forbes, Nat. Rev. Cancer, 2010, 10, 785–794.
1586 | Nanoscale Adv., 2022, 4, 1577–1586
21 Y. Zhang, W. Ji, L. He, Y. Chen, X. Ding, Y. Sun, S. Hu,
H. Yang, W. Huang, Y. Zhang, F. Liu and L. Xia,
Theranostics, 2018, 8, 1690–1705.

22 S. N. Jiang, S. H. Park, H. J. Lee, J. H. Zheng, H. S. Kim,
H. S. Bom, Y. Hong, M. Szardenings, M. G. Shin, S. C. Kim,
V. Ntziachristos, H. E. Choy and J. J. Min, Mol. Ther., 2013,
21, 1985–1995.

23 F. Avogadri, C. Martinoli, L. Petrovska, C. Chiodoni,
P. Transidico, V. Bronte, R. Longhi, M. P. Colombo,
G. Dougan and M. Rescigno, Cancer Res., 2005, 65, 3920–
3927.

24 J. H. Zheng, V. H. Nguyen, S. N. Jiang, S. H. Park, W. Tan,
S. H. Hong, M. G. Shin, I. J. Chung, Y. Hong, H. S. Bom,
H. E. Choy, S. E. Lee, J. H. Rhee and J. J. Min, Sci. Transl.
Med., 2017, 9, eaak9537.

25 X. Yi, H. Zhou, Y. Chao, S. Xiong, J. Zhong, Z. Chai, K. Yang
and Z. Liu, Sci. Adv., 2020, 6, eaba3546.

26 L. Wang, W. Qin, W. Xu, F. Huang, X. Xie, F. Wang, L. Ma
and C. Zhang, Small, 2021, 17, 2102932.

27 S. A. Patel and A. J. Minn, Immunity, 2018, 48, 417–433.
28 S. Kurtulus, A. Madi, G. Escobar, M. Klapholz, J. Nyman,

E. Christian, M. Pawlak, D. Dionne, J. Xia, O. Rozenblatt-
Rosen, V. K. Kuchroo, A. Regev and A. C. Anderson,
Immunity, 2019, 50, 181–194.

29 T. Yokosuka, W. Kobayashi, M. Takamatsu, K. Sakata-
Sogawa, H. Zeng, A. Hashimoto-Tane, H. Yagita,
M. Tokunaga and T. Saito, Immunity, 2010, 33, 326–339.

30 J. G. Egen, W. Ouyang and L. C. Wu, Immunity, 2020, 52, 36–
54.

31 C. Zhou, X. Cheng and S. Tu, Cancer Lett., 2021, 521, 119–
129.

32 L. Khoja, D. Day, T. W.-W. Chen, L. L. Siu and A. R. Hansen,
Ann. Oncol., 2017, 28, 2377–2385.

33 H. T. Quach, D. B. Johnson, N. R. LeBoeuf, J. P. Zwerner and
A. K. Dewan, J. Am. Acad. Dermatol., 2021, 85, 956–966.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00857a

	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a

	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a

	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a
	Bacteria-mediated tumor immunotherapy via photothermally-programmed PD1 expressionElectronic supplementary information (ESI) available. See DOI: 10.1039/d1na00857a


