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Bacteria Synergized with PD-1 Blockade Enhance Positive
Feedback Loop of Cancer Cells-M1 Macrophages-T Cells in

Glioma

Qi Chen,* Yuyi Zheng, Xiaojie Chen, Yuan Xing, Jiajie Zhang, Xinyi Yan, Qi Zhang,

Di Wu,* and Zhong Chen*

Cancer immunotherapy is an attractive strategy because it stimulates immune
cells to target malignant cells by regulating the intrinsic activity of the immune
system. However, due to lacking many immunologic markers, it remains
difficult to treat glioma, a representative “cold” tumor. Herein, to wake the
“hot” tumor immunity of glioma, Porphyromonas gingivalis (Pg) is customized
with a coating to create an immunogenic tumor microenvironment and
further prove the effect in combination with the immune checkpoint agent
anti-PD-1, exhibiting elevated therapeutic efficacy. This is accomplished not
by enhancing the delivery of PD-1 blockade to enhance the effect of
immunotherapy, but by introducing bacterial photothermal therapy to
promote greater involvement of M1 cells in the immune response. After
reaching glioma, the bacteria further target glioma cells and M2 phenotype
macrophages selectively, enabling precise photothermal conversion for lysing
tumor cells and M2 phenotype macrophages, which thereby enhances the
positive feedback loop of cancer cells-M1 macrophages-T cells. Collectively,
the bacteria synergized with PD-1 blockade strategy may be the key to
overcoming the immunosuppressive glioma microenvironment and

1. Introduction

Glioma is a devastating tumor of the
central nervous system.['?] Unfortunately,
due to the blurred boundaries, high het-
erogeneity, and aggressiveness of brain
gliomas, conventional treatments includ-
ing surgery, chemotherapy, and radiother-
apy have limited therapeutic effects,3*! giv-
ing results of poor prognosis, short sur-
vival, more metastases, and high recur-
rence rate.>®l As a pillar of cancer ther-
apy, cancer immunotherapy is expected to
control and eliminate glioma cells utiliz-
ing the body’s immune system.”) Among
treatment patterns for cancer immunother-
apy, immune checkpoint therapy anti-PD-
1 specific to co-stimulatory molecule PD-
1 which is a member of the B7-CD28 su-
perfamily has yielded encouraging results
in fighting against many types of cancers,

improving the outcome of immunotherapy toward glioma.
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especially in hematological tumors.®) How-
ever, the phase I1II clinical trials of anti-PD-
1 showed low therapeutic effects in glioma
and failed to benefit glioma patients.!
Therefore, it remains urgent to develop a new and effective strat-
egy for improving the outcome of anti-PD-1 in glioma treatment.

The following challenges have been found in anti-PD-1 im-
munotherapy in glioma: 1) The lack of tumor antigens within
the brain is central to the failure of stimulating immune cells
against glioma cells.'%! 2) The existence of the blood-brain bar-
rier (BBB), which is composed of continuous brain endothelial
cells, astrocytes, microglia, and pericytes,['!) not only protects the
brain from viruses and toxins in the blood circulation but also
prevents biopharmaceuticals such as anti-PD-1 from entering the
brain. 3) Over-production of reactive oxygen species (ROS) in the
brain provides stressful living conditions for immune cells.!'?]
These challenges have guided us to develop strategies to further
increase anti-PD-1 efficacy for durable clinical responses.

The total number of bacteria on the epidermis and in the body
is about ten times the number of human cells.'¥] Due to their
unique advantages such as a wide range of sources, and small in-
dividuals, bacteria have been used in bioimaging, diagnosis, and
treatment.[’] The exploitation of bacteria in tumor therapy dates
back to the 19th century.® Numerous studies showed that anaer-
obic bacteria could use flagella to swim into the deep oxygen-
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Figure 1. Schematic illustration of bacteria synergized with PD-1 blockade to enhance the positive feedback loop of cancer cells-M1 macrophages-T cells
in glioma. A) The process of constructing bacterial coating EV-H-T. B) The functional pattern of the customized bacteria. Customized bacteria cross the
BBB, target higher TfR expressed glioma cells and M2 macrophages resulting in selective death under the laser, and relieve the survival stress of lived

M1 macrophages, which further improves the effect of anti-PD-1 via the enhanced cross-talks among cancer cells, M1 macrophages, and T cells.

deprived tumor microenvironment and act as foreign antigens
to increase the immunogenicity of tumors.'®! Inspired by pre-
vious research by Stephen S. Dominy et al., Porphyromonas gin-
givalis (Pg) was identified in the brain of Alzheimer’s disease
patients,[”] we noticed Pg may potentially be utilized in the de-
velopment of treatments for brain diseases. Moreover, our pre-
vious findings corroborated Pg’s ability to secrete melanin and
it can be used as a whole for photothermal therapy for subcuta-
neous tumors.'8! However, the environment of glioma is more
complex than that of subcutaneous tumors. How to modify Pg
is the central question to apply Pg to glioma in the brain. Recent
developments of engineered bacteria which overexpressed respi-
ratory chain enzyme II by Zhang et al. and engineered bacteria

Ady. Sci. 2024, 11,2308124

which modified nucleic acid aptamers on the surface by Liu et al.
highlighted the applications of synthetic biology methods.1%2]
But the yield and preparation time remains difficult to control.
In this regard, we have fabricated customized bacteria based on
chemical and physical methods.

Here, we introduce synergistic therapy to increase tumor anti-
gens, improve the permeability of BBB or bypass the BBB, as well
as to regulate ROS levels to relieve environmental stress for im-
mune cell survival. In this design, customized bacteria were ad-
ministrated via the nasal cavity for the on-demand awakening of
the “hot” tumor immunity of glioma (Figure 1A,B). Pg was se-
lected as the main module for photothermal therapy to lyse tumor
cells and generate supplementary tumor antigens. As Pg is being
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applied to glioma for the first time, modifications for biocompati-
bility improvement should be conducted for glioma treatment. It
has been reported that coating bacteria with biocompatible lipid
membranes can afford microbiota with multi-function.?22 Al-
though some studies found that there is a correlation among Pg,
periodontal disease, and brain health, for example, patients with
generalized periodontitis often have comorbidities and are con-
sidered at risk of developing Alzheimer’s disease,?*! encapsu-
lated Pg cannot recognize the surrounding environment, which
affects the interaction between Pg and brain cells, lowering the
risk.?*! To realize the abilities of the customized bacteria, we
designed a bacterial coating consisting of extracellular vesicles
(EV) from microglia and synthetic liposomes (Hemsome and Tf-
some). EV, natives in the glioma microenvironment, can easily
cross the BBB and be home to microglia.”! Tfsome is synthe-
sized by click chemistry for active targeting. Transferrin (Tf) can
specifically bind to the Tf receptor (TfR). As a glycoprotein, the
TfR has two subunits of 90 kDa connected by a disulfide bond
and participates in the transcytosis of cellular iron, and each sub-
unit can bind to one molecule of Tf.?®! TfR-mediated transcy-
tosis is considered an effective approach to drug transportation
across the BBB.I?’] Interestingly, in addition to glioma cells, M2
immunosuppressive macrophages also have higher TfR expres-
sion levels in comparison to M1 macrophages.[?! To the best
of our knowledge, it is the first time that Tf-modified systems
were found to cross the BBB as well as selectively bind to M2
macrophages and glioma cells. Additionally, with the rapid devel-
opment of immunotherapy and nanotechnology, several studies
have reported regulation of M1/M2 phenotype could serve as a
strategy to reprogram macrophages for enhanced photothermal-
immunotherapy.?>*°] However, it remains uncovered that how
M1/M2 ratio changes is affected by macrophage repolarization
and/or M2-type macrophage apoptosis. This inspired us to func-
tionalize the bacteria with Tfsome for selective targeting and
photothermal inhibition of M2 macrophages. We also provided
a clear explanation for the increase in the M1/M2 ratio in our
strategy, which contributes to higher immune activity, as a re-
sult of the reduction in M2 macrophages. Hemsome is synthe-
sized by Steglich esterification for introducing hemin into our
customized bacteria. Hemin, an iron-binding porphyrin, can play
a catalytic role in decomposing ROS produced by tumor cell
metabolism. Because ROS can cause lipid peroxidation and ad-
versely affect immune cells, the integration of hemin onto bacte-
ria helps to adsorb ROS in the tumor microenvironment, easing
the survival stress of M1 cells after laser treatment.

As we know, the activation of naive T cells requires at least
two of the following three signals, which are antigen signals ex-
pressed on the surface of antigen-presenting cells, co-stimulatory
molecule B7-CD28, and cytokine IL-12.03132] To improve the effi-
cacy of anti-PD-1 which acts on B7-CD28, our strategy is to make
more M1 cells alive, ensuring the processes of antigen process-
ing and antigen presentation. What’s more, previous research
showed that macrophages appear to be beneficial for the sur-
vival of patients with glioblastoma.l*3] Modulating macrophages
to complement traditional immune checkpoint therapy could be
an effective way.

In addition, intranasal administration, as a non-invasive route,
can achieve rapid delivery of bacteria to brain.** Efficiencies of
brain-targeted delivery via different administration routes were
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compared and it was found that intranasal administration is an
optimal method for delivering our customized bacteria.

Together, taking advantage of the intrinsic photothermal effect
of bacteria, the extrinsic selective targeting ability of EV and Tf-
some, and the extrinsic ROS relieving behavior of Hemsome, the
customized bacteria are demonstrated to wake the “hot” tumor
immunity and boost the anti-PD-1 immunotherapy in glioma
through the enhancement of the positive feedback loop of can-
cer cells-M1 macrophages-T cells.

2. Results and Discussion

2.1. Developing the Customized Bacteria

The customized bacteria are composed of four parts, EV, Hem-
some, Tfsome, and Pg, each of which carries out the respec-
tive function. We first cultivated primary microglia and studied
how the cell membrane (CM) or EV from the BV2 microglial
cells interacted with them (Figure S1, Supporting Information).
The results revealed EV induces more phenotypic changes of pri-
mary microglia than CM although they both stimulate the polar-
ization of microglia. While the proportion of M1 and M2 cells
increased by CM was approximate, the M2 cells increased by
EV was more than M1 cells which illustrates EV may be more
suitable as our starting material. Moreover, in the cytokine test,
the CM group was more inclined to produce cytokines secreted
by M1 while the EV group was more inclined to produce cy-
tokines secreted by M2, which agrees with the above findings.
Based on the pre-experimental evidence, EV was chosen for our
customized bacteria. Then we synthesized Hemsome by cou-
pling the carboxyl group of hemin and the hydroxyl group of
DSPE-PEG-OH (Figure S2A, Supporting Information). Success-
ful synthesis was confirmed by the hydrogen-1 NMR ('H-NMR)
(Figure 2A) and liquid chromatography-mass spectrometry (LC-
MS) (Figure S3, Supporting Information) spectra. Tf was conju-
gated to DBCO-PEG,-NHS, followed by the azide-alkyne click re-
action with DSPE-PEG-N; to yield Tfsome (Figure S2B,C, Sup-
porting Information). Fourier-transform infrared spectroscopy
(FT-IR) showed the feature of triazole near 2000 cm~! which was
also circled out in the chemical structural formula of Tfsome
(Figure 2B) and sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) with PEG-color reaction image demon-
strated both Tf and PEG were located in Tfsome (Figure S4, Sup-
porting Information). Then, we prepared the bacterial coating
EV-Hemsome-Tfsome (EV-H-T) by mixing and co-extruding the
solutions of EV, Hemsome, and Tfsome. The resulting EV-H-
T had protein bands from EV and Tfsome (Figure 2C). Particle
diameter and polydispersity index (PDI) of each component of
EV-H-T were analyzed (EV, #100 nm; Hemsome, %250 nm; Tf-
some, ~#150 nm; PDI under 0.6; Figure S5, Supporting Informa-
tion). We developed the customized bacteria (Pg@EV-H-T) by
coating EV-H-T onto the surface of Pg and detected exosomal
markers TSG101 and CD63 which were still maintained in the fi-
nal customized bacteria using western blot (WB) (Figure 2D and
Figure S6, Supporting Information). We quantified the content of
Pg and EV-H-T in Pg@EV-H-T using Turbidimetric determina-
tion at 670 nm and BCA protein concentration determination at
562 nm respectively (Figure S7, Supporting Information). The av-
erage absorbance in both wavelengths was similar indicating the
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Figure 2. Characterizations of the customized bacteria. A) "TH-NMR spectra of Hemsome in DMSO-d6. B) FT-IR spectra of Tfsome. The circle indicates
the structure of the triazole. C) SDS-PAGE of EV, Hemsome, Tfsome, and EV-H-T. D) WB of EVs, Pg, EV-H-T and Pg@EV-H-T. E) Size of Pg and Pg@EV-
H-T. Data presented as mean + SD, n = 6. F) A wide energy range XPS spectrum was recorded from a thin film sample of Hemsome, Tfsome, EV, EV-H-T,

and Pg@EV-H-T, respectively. G) Representative TEM images of the EV-H-T, Pg, and Pg@EV-H-T.
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amount of free Pg and free EV-H-T were the same as that of Pg
and EV-H-T in Pg@ EV-H-T. The size of customized bacteria was
similar to Pg, barely affected by the coating (Figure 2E and Figure
S8, Supporting Information). The obtained customized bacte-
ria were also characterized by X-ray photoelectron spectroscopy
(XPS) to mainly show -Cl groups from the hemsome present on
the surface, which supplement what was not proved by the above
protein immunoblot experiments about the exist of hemsome in
the whole (Figure 2F). The vesicle shape of EV-H-T was irregu-
lar after negative staining and the rod shape of the bacteria re-
mained after coating (Figure 2G; Figures S9 and S10, Support-
ing Information). As shown in Figure S11 (Supporting Informa-
tion), the customized bacteria were further observed using confo-
cal laser scanning microscopy. Pg and EV-H-T were labeled with
4’ ,6-diamidino-2-phenylindole (DAPI), and fluorescein isothio-
cyanate (FITC), respectively. Pg displayed blue fluorescence, and
EV-H-T displayed green fluorescence. The customized bacteria
exhibited overlapped fluorescence of green and blue, which indi-
cated the successful coating of Pg by EV-H-T.

The ability of the bacteria to produce melanin is essential for
later photothermal combined research. Thus, we compared the
bacterial growth (Figure S12, Supporting Information) and the
production of melanin (Figure S13, Supporting Information) be-
fore and after the coating. The coating had limited impact on af-
fect the growth of bacteria and the production of melanin which
were promoted by the presence of nutrient hemin. The cus-
tomized bacteria can also darken the culture medium visually
(Figure S14, Supporting Information). All these results demon-
strated that the customized bacteria were obtained as expected
and can be further conducted for the functional pattern.

2.2. Functions of the Customized Bacteria In Vitro

The customized bacteria were tested for the capability of BBB-
permeability. To investigate the BBB crossing, a co-cultured tran-
swell model with bEnd.3 cells in the upper chamber and glioma
cells in the lower chamber were built (Figure S15, Supporting
Information). We checked the values of transepithelial electrical
resistance (TEER) for seven days and began cell studies when
the values exceeded 200 Q cm~? (Figure 3A). Fluorescein isoth-
iocyanate (FITC) was labeled on Pg, EV-H-T, and Pg@EV-H-T
respectively. Compared with Pg and EV-H-T groups, the glioma
cells at the bottom treated with Pg@EV-H-T showed more cells
with green fluorescence, which implied that the EV-H-T modi-
fication can assist Pg to cross the BBB (Figure 3B). Next, to in-
vestigate the role of Tf in the system, cells were pre-processed
with 100 pg mL~! Tf solution for 0.5 h (Figure 3C). To answer
whether the uptake of Pg, EV-H-T, and Pg@EV-H-T is related
to Tf concentration and incubation time, we used different Tf
concentrations (25, 50, and 100 ug mL™!) and various incubation
times (0.5, 1 and 2 h) to treat cells (Figure S16, Supporting In-
formation). The results showed that the incubation Tf concen-
tration increases above 100 ug mL~! can inhibit the uptake, es-
pecially the EV-H-T and Pg@EV-H-T group. Inhibition can be
achieved after only 0.5 h of coculture with Tf. Our findings agreed
with the literature that the process of Tf binding to its receptor
is dynamic.®! Prolonged incubation time will affect the effec-
tiveness. We found that Pg, EV-H-T, and Pg@EV-H-T showed
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similar percentages of fluorescence cells because EV-H-T and
Pg@EV-H-T were affected by blocked TfR (Figure 3D). As we
know, besides glioma cells, it is also necessary to focus on the up-
take of different phenotypes of macrophages for our customized
bacteria which aim at selective targeting of M2 phenotypes. Thus,
lipopolysaccharides (LPS) or IL-4 were used as stimuli to trig-
ger the differentiation of resting macrophage (MO0 phenotype) to
M1 or M2 phenotypes.3®! Firstly, we examined the expression of
TfR on macrophages with different phenotypes (Figure S17, Sup-
porting Information). MO, M1, and M2 macrophages were col-
lected and lysed. Equal amounts of protein from M0, M1, and M2
macrophage groups were loaded and probed with an anti-CD71
(Transferrin Receptor) primary antibody that recognizes the tar-
get protein of interest. M2 macrophages showed the highest ex-
pression of TfR, MO macrophages displayed a moderate level,
while M1 macrophages exhibited the lowest expression of TfR.
Thereafter, we used M0, M1, and M2 macrophages to assess the
cellular uptake of Pg, EV-H-T, and Pg@EV-H-T by flow cytome-
try after labeling with FITC (Figure 3E). The results showed no
significant variance of Pg, EV-H-T, and Pg@EV-H-T in MO cells.
However for M1 cell uptake, when compared to the Pg group,
Pg@EV-H-T showed a significant decrease. At the same time,
there was a significant increase of Pg@EV-H-T in M2 cell uptake
in comparison with Pg, indicating that the bacterial coating was
acting in favor of the M2 target.

When customized bacteria were located in target cells, the next
step was to evaluate the photothermal effect on the target area.
Therefore, in vitro, we studied the photothermal properties of
the sample solution (Figure 3F,G). The laser power we used was
0.33 W cm™2 according to the safety limit for the 808 nm laser in
brain tumors.[*’”] The temperature of Pg and Pg@EV-H-T solu-
tions reached nearly 50°C in 10 minutes. Such temperature could
result in glioma cell death (Figure 3H). It could be seen from the
results that because Pg can absorb light and convert it into heat,
it causes indiscriminate damage to macrophages. After engineer-
ing into Pg@EV-H-T, Pg@EV-H-T had an obvious M2 phenotype
tendency, so most dead cells were M2 phenotype (Figure S18,
Supporting Information). In addition to dead/live staining, we
also investigated the heat-induced toxicity of components of cus-
tomized bacteria by Cell Counting Kit-8 (CCK-8) assay (Figure
S19, Supporting Information). After exposure to EV-H-T, no sig-
nificant decrease in cell viability was observed, whereas a dose-
dependent decrease in cell viability was observed after exposure
to Pg or Pg@EV-H-T at ranges of 2.5 X 10° CFU to 12.5 x 10°
CFU.

Hemsome immobilized on the surface of the customized bac-
teria could work as ROS nanoscavengers against ROS-induced
immune cell damage. First, we quantified hemin in the cus-
tomized bacteria by the standard curve of hemin (Figure S20,
Supporting Information). We incubated BV2 cells with Rosup
agents which leads to ROS generation prior to the treatment.
Then, the ROS-scavenging activity was measured by dichlorodi-
hydrofluorescein diacetate (DCFH-DA) fluorescence (Figure 3I;
Figures S21 and S22, Supporting Information). Hemsome, EV-
H-T, and Pg@EV-H-T showed diminished green fluorescent in-
tensity coming from DCFH-DA, indicating ROS-scavenging ac-
tivity. We also used free radical scavenging experiments to test the
antioxidant capacity of our customized bacteria (Figure S23, Sup-
porting Information). After mixing radical probes with Pg@EV-
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H-T, the color of solutions changed from dark to light, accompa-
nied by a decrease in the absorption curve. Besides, we assessed
M1 macrophage function and viability in the presence of induced
ROS (Figures S24 and S25, Supporting Information). The result
showed that the fluorescence intensity of the DCFH-DA probe in
M1 cells treated with Pg@EV-H-T was optimally attenuated, fur-
thermore, with laser, Pg@EV-H-T could reduce more ROS. We
then assessed macrophage function including pinocytosis, anti-
gen presentation function, and the secretion of immune-related
cytokines, as well as the viability. The results demonstrated that
the treatment of Pg@EV-H-T would not cause the death of M1
cells. After treatment, the pinocytosis function of macrophages
was enhanced. M1 cell surface proteins used for antigen presen-
tation function were not lost. The ability of M1 cells to secrete
cytokines still existed.

Because heme oxygenase 1 (HO-1) has anti-oxidative proper-
ties and responses to oxidative stressors,!**! we also evaluated the
HO-1 expression in BV2 cells before and after laser treatment
(Figure 3]). The Pg@EV-H-T displayed the highest HO-1 level
among all treatments, demonstrating it protected the immune
cells from ROS damage. In addition, the hemin, Fe3*, and Fe**
levels in BV2 cells were slightly elevated, which emphasized the
ROS depletion response involved by Hemsome on Pg@EV-H-T
(Figure 3K). There was no significant difference in Fe* and Fe?*
levels indicating negligible ferroptosis of BV2 cells.

Furthermore, we used a transwell system to test whether T
cells can be stimulated by macrophages ex vivo (Figure S26, Sup-
porting Information). We used Rosup to stimulate M1 cells in
the lower layer first, and after treatment with Pg, EV-H-T, and
Pg@EV-H-T, spread T cells on the upper layer to examine the pro-
liferation of T cells (CFSE staining) and the expression of CD86
in M1 cells. As the results showed, M1 cells from the Pg@EV-H-
T treated group enhanced T cell proliferation and the expression
of CD86 significantly.

2.3. Evaluations of Customized Bacteria In Vivo

To further figure out whether the customized bacteria can play
the designed roles in vivo and have good biocompatibility, which
provides important guidance to the next anti-glioma experi-
ments, we conducted a series of corresponding studies in glioma
models. We examined different routes for Pg@EV-H-T adminis-
tration first. As shown in Figure 4A, we compared intraperitoneal
injection (i.p.), intravenous injection (i.v.), and intranasal admin-
istration (i.n.) in firefly luciferase stably transfected U87 (U87-
Luc) tumors. After 3 h post-administration, fluorescence signals
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from DiR-labeled customized bacteria could be found in groups
of all these three routes, however, for i.p. and i.v., most bacte-
ria had been metabolized. Hence, i.n. was chosen for our cus-
tomized bacteria administration. Owing to epithelial cells may
be the major obstacle for i.n.,*”! we used the human bronchial
epithelial cell line (16-HBE) to observe the intercept of Pg@E-
H-T (Figure S27, Supporting Information). Pg and Pg@EV-H-T
have scales in microns, which led to an easier block than nano
EV-H-T.

Next, at different time points, we extracted major organs from
mice treated with customized bacteria through i.n. (Figure 4B).
Ex vivo organ distribution results indicated that Pg@EV-H-
T can easily get into the liver, brain, and lung. At 3 h post-
administration, the brain had obvious fluorescence which vali-
dated the in vivo results. In view of the enrichment of Pg@EV-
H-T in the liver and kidney, we further conducted the decomposi-
tion of Pg@EV-H-T in the liver and kidney in U87-bearing mice
(Figure 4C and Figure S28, Supporting Information). At 36 h, the
fluorescence of Pg@EV-H-T in the kidney was no longer obvious,
and the metabolism of Pg@EV-H-T in the liver was completed by
72 hours.

Then, blood biochemistry and blood routine examinations
were used to study the effects of customized bacteria on liver and
kidney functions, as well as the blood system at 3 h after Pg@EV-
H-T administration. This timing was chosen because the brain
exhibited the highest accumulation of Pg@EV-H-T at that point
and it was speculated that Pg@EV-H-T could be consumed in the
brain after performing photothermal operations (Figure 4D,E).
There was no obvious alteration, in alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urea nitrogen (BUN),
red blood cells (RBC), white blood cells (WBC), and hemoglobin
(HGB) of Pg@EV-H-T group, as compared to that of the control
group.

In addition, we detected the accumulation and distribution of
Pg@EV-H-T in GL261-bearing mice (Figure 4F,G). The degra-
dation rate in the brain of GL261-bearing mice was slower than
in nude mice. Both U87-bearing mice and GL261-bearing mice
exhibited gradual degradation of Pg@EV-H-T.

Regarding hemolysis being a fundamental issue for safe ad-
ministration in vivo, we evaluated Pg and Pg@EV-H-T by incu-
bating them with red blood cells (Figure S29, Supporting Infor-
mation). Up to 1 X 10’ CFU of customized bacteria had no po-
tential risk of hemolysis for each mouse during every adminis-
tration.

We continued to validate that the parameters for photother-
mal are safe in mice. After i.n. of Pg, EV-H-T, and Pg@EV-H-T,
the brains of mice were exposed to 0.33 W cm~2 808 nm irradia-

Figure 3. The functional pattern of the bacteria in vitro. A) The transepithelial electrical resistance (TEER) was measured to prove the construction of
the BBB model. Data presented as mean + SD, n = 6. B) The penetration rates of Pg, EV-H-T, and Pg@EV-H-T. C) Schematic diagram of Tf receptor
blocked model for evaluating whether the customized bacteria could use the Tf-TfR transport pathway. D) The penetration rates of Pg, EV-H-T, and
Pg@EV-H-T after the block of TfR. E) Preferential uptake by macrophages with different phenotypes. Data presented as mean + SD, n = 6, *p<0.05,
*%p<0.01, *** p<0.001. F) Temperature rising curve of Pg, EV-H-T and Pg@EV-H-T. G) Infrared thermal imaging of Pg, EV-H-T, and Pg@EV-H-T with
or without 808 nm laser irradiation. L- indicated without laser. L+ indicated with laser. H) Calcein-AM/PI staining images of glioma cells treated with
Pg, EV-H-T or Pg@EV-H-T and irradiated with 808-nm laser (0.33 W cm~2, 10 min). Scale bar = 100 um. 1) Confocal fluorescent images of ROS levels
in BV2 cells with different treatments and irradiated with 808-nm laser (0.33 W cm~2, 10 min). The cells were stained by green fluorescence DCFH-DA
and blue fluorescence Hoechst. Scale bar = 100 um. J) Heme oxygenase 1 (HO-1) expression in BV2 cells. L- indicated without laser. L+ indicated with
laser. Data presented as mean =+ SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. K) The hemin, Fe3*, and Fe?* levels in BV2 cells incubated with PBS, Pg,
EV-H-T, or Pg@EV-H-T. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001.
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tion for 10 min. An infrared thermal camera was used to record
thermal images at the initial irradiation stage and at the end of
the irradiation stage. The temperature of the customized bacte-
ria group increased to 42.4°C which realized mild photothermal
therapy (Figure 4H). We assessed the potential for cyclic heat-
ing of Pg, EV-H-T, and Pg@EV-H-T (Figure S30, Supporting In-
formation). After four laser on/off cycles, there was no obvious
change in the temperature curves. After four sessions of laser
treatment, the main organs were collected for making homog-
enized samples. Then, homogenized samples were spread on
blood agar and cultured for three days to observe residual bac-
teria (Figure 4I). Bacteria did not proliferate further on the blood
plates. Histomorphology of the heart, liver, spleen, lung, and kid-
ney was also assessed through hematoxylin and eosin (H&E)-
stained images (Figure 4]). The H&E-stained images showed cus-
tomized bacteria group had no obvious abnormality.

The central nervous system is vulnerable to hyperthermia.
To validate that the strategy of Pg@EV-H-T assisted photother-
mal therapy does not affect the central nervous system of mice,
we tested the exercise capacities of mice related to the neuromus-
cular system (Figure 4K-M). Heatmap of travel pathway and mo-
tion route of illustrative examples of normal, GL261-bearing mice
and GL261-bearing mice with Pg@EV-H-T treatment (GL261-
bearing mice + treatment) filmed in the open field test arena.
Normal mice traveled a longer distance than glioma-bearing
mice. Surprisingly, mice from the group of GL261-bearing mice
+ treatment entered the central area of the open field more fre-
quently and faster than mice from the group of GL261-bearing
mice, although inferior to normal mice. Moreover, rotarod tests
that could reflect the balance and coordination of mice were
used to demonstrate that our treatment did not harm the central
nervous system. GL261-bearing mice group and GL261-bearing
mice + treatment group showed lower functional performance in
the rotarod than normal mice, which indicated that the existence
of glioma affected the neuromuscular system and our treatment
failed to help.

40]

2.4. Improving the Outcome of Anti-PD-1 in Glioma Treatment

To distinguish the effects of customized bacteria in improving the
outcome of anti-PD-1, nude mice that lack thymus and C57BL/6
mice which has intact immune systems were selected for con-
structing glioma experimental models. The therapeutic sched-
ule was presented in Figure 5A, where anti-PD-1 was injected
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through the tail vein instantly after intranasal administration of
customized bacteria. Three hours later, laser treatment was given
to glioma experimental models. We recorded the tumor volume
by monitoring the bioluminescence intensity from U87-Luc cells
or GL261-Luc cells. U87-Luc cells were provided by the company
while GL261-Luc cells were transfected by our lab (Figure S31,
Supporting Information). As shown in Figure 5B, biolumines-
cence imaging of tumor growth of U87-Luc or GL261-Luc was
monitored every three days. We compared the anti-glioma effi-
cacy of five groups: 1. Control (Ctrl) group; 2. Pg@EV-H-T group;
3.Immunotherapy (I) group which was treated with anti-PD-1;
4. Photothermal therapy (P) group which was treated with cus-
tomized bacteria and laser; 5. Combination of photothermal ther-
apy and immunotherapy (P&I) group which was treated with
anti-PD-1, customized bacteria, and laser. The relative biolumi-
nescence intensity indicated in nude mice, neither bacteria-based
photothermal therapy nor anti-PD-1 immunotherapy generates
inconspicuous tumor inhibition (Figure 5C). This phenomenon
could be mainly ascribed to the defective immune system and
the lack of trans-urocanic acid and melanin to absorb laser ir-
radiation. When C57BL/6 mice were employed to perform the
same operation, the P&I group presented a higher therapeutic
outcome than the I group, showing synergistic effects with anti-
PD-1 therapy (Figure 5D). Of importance, Pg@EV-H-T could not
shrink tumors alone if it does not cooperate with anti-PD-1 and
photothermal operations. In addition, slight body weight fluctu-
ation was observed (Figure 5E,F).

Consistent with the results of bioluminescence imaging, H&E-
stained brain tissues of the glioma-bearing mice showed no sign
of significant tumor growth inhibition in nude mice but signifi-
cant tumor growth inhibition in C57BL/6 mice, at 22 days after
implantation, which indicates T cells involved in the immune re-
sponse are essential for tumor suppression (Figure 5G,H). To be
noted, the survival rate of orthotopic GL261-glioma mice treated
with P&I was above 80% until day 60 compared to only 20%
treated with I (Figure 5I). Besides, we also used T2-weighted mag-
netic resonance imaging (T2W-MRI) to scan mice brains and
found at day 22, I or P-treated GL261-bearing mice had a rela-
tively smaller tumor size than those in ctrl group or in Pg@EV-
H-T group (Figure 5]). Due to the resolution of T2W-MRI, it was
even difficult for us to detect the demarcation of tumor region
in the P&I group, suggesting our customized bacteria exhibited
enhanced performance.

At the end of the anti-glioma experiment, the increased distri-
bution of T cells in the tumor area of the P&I group was analyzed

Figure 4. Targeting, photothermal performance, and biocompatibility of the bacteria in vivo. A) Luciferase luminescence images and fluorescence images
of mice bearing U87-Luc tumors after Pg@EV-H-T treatments through different routes. i.p., intraperitoneal injection; i.v., intravenous injection; i.n.,
intranasal administration. B) Ex vivo fluorescence imaging of major tissues of U87-bearing mice at 1, 3, 6, 12, and 24 h post intranasal administration
of DiR-labeled customized bacteria. C) Quantitative analysis of the fluorescent signals of main tissues to show the decomposition of Pg@EV-H-T in
U87-bearing mice. D) ALT, AST, and BUN test at 3 h after Pg@EV-H-T administration to study liver and kidney function. Data presented as mean +
SD, n = 6. E) RBC, WBC, and HGB tests at 3 h after Pg@EV-H-T administration to study whether customized bacteria influence the blood system.
Data presented as mean + SD, n = 6. F) Ex vivo fluorescence imaging of major tissues of GL261-bearing mice at different time points post intranasal
administration of DiR-labeled customized bacteria. G) Quantitative analysis of the fluorescent signals of main tissues in F. H) Infrared thermal images of
treatment groups. L-indicated without laser. L+ indicated with laser. I) After laser treatment, homogenates of the main organs were collected and coated
on the blood agar. |) H&E staining of heart, liver, spleen, lung, and kidney after the treatment of Pg@EV-H-T. Scale bar = 100 um. K) Athletic analysis
of groups of normal mice, glioma-bearing mice, and glioma-bearing mice with Pg@EV-H-T treatment. Motion route and heatmap of each group in the
open-field test. L) Distance, average speed, center distance, and center average speed of the test mice. Data presented as mean + SD, n = 6. M) Rotarod
test results of different groups, including time on rotarods and speed. Data presented as mean + SD, n = 6.
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Figure 5. Anti-glioma effects of bacteria synergized with PD-1 blockade. A) Schematic illustrating the strategy of customized bacteria-combined pho-
tothermal immunotherapy. |, immunotherapy; P, photothermal therapy; P&lI, the combination of photothermal therapy and immunotherapy. B) Tumor
growths of U87-Luc or GL261-Luc were monitored by bioluminescence imaging at days 7, 10, 13, 16, 19, and 22. C) The variance of relative biolumines-
cence intensity in U87-bearing nude mice. Data presented as mean + SD, n = 6. D) The variance of relative bioluminescence intensity in GL261-bearing
C57 mice. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. E) The changes in body weight of the orthotopic U87-bearing mice.
Data presented as mean + SD, n = 6. F) The changes in body weight of the orthotopic GL261-bearing mice. Data presented as mean + SD, n = 6. G)
H&E staining images of the brains from orthotopic U87-bearing mice with different treatments. The black circle pointed to the tumor region. H) H&E
staining images of the brains from orthotopic GL261-bearing mice with different treatments. The black circle pointed to the tumor region. 1) The survival
rate curves of the orthotopic U87-bearing or GL261-bearing mice in different treatment groups. n = 6, *p<0.05, **p<0.01, *** p<0.001. J) T2W-MRI
imaging of GL261-bearing mice treated with Pg@EV-H-T, immunotherapy, phototherapy, and combined photothermal |mmunotherapy The red circles
indicated the location of the tumors. K) Immunofluorescence images for analyzing the expression of anti-CD-3 in different treatments in GL261 glioma
models. Blue: cell nuclei. Green: anti-CD-3 staining. Scale bar = 100 um. L) Immunofluorescence images for analyzing the expression of anti-PD-1 in
different treatments in GL261 glioma models. Blue: cell nuclei. Green: anti-PD-1 staining. Scale bar = 100 um. M) Immunohistochemistry of TUNEL in
the brain slides from GL261 glioma models with different treatments.

by anti-CD3 and anti-PD-1 immunofluorescence (Figure 5K,L).
Moreover, the glioma cell apoptosis was assessed by immuno-
histochemistry of caspase3, cleaved caspase3, and terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TUNEL)
(Figure 5M and Figure S32, Supporting Information). Noncon-
forming activation of caspase3 can lead to tumorigenesis instead
of inducing programmed cell death.*! All groups showed abnor-
mal expression of caspase3. The P&I group was relatively bet-

Ady. Sci. 2024, 11,2308124

ter. In contrast to that in control group, Pg@EV-H-T group and
I group, the expression levels of cleaved caspase-3 were signifi-
cantly higher in P group and P&I group. Comparatively, the high-
est expression of apoptotic DNA fragmentation was observed in
the P&I group. Meanwhile, we ascertained the histological anal-
ysis (Figure S33, Supporting Information). At the cellular level,
there were no abnormalities illustrating all the treatments were
safe.
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2.5. Enhancing the Positive Feedback Loop of Cancer
Cells-Macrophages-T Cells

To further verify that our proposed customized bacteria can
wake the “hot” tumor immunity of glioma, we collected brains
from each group and made them into single cells for the tu-
mor microenvironment analysis. Firstly, we analyzed the phe-
notype of tumor-associated macrophages (TAMs). The dissoci-
ated cells were stained by APC-labelled CD11b, FITC-labelled
CD206, PerCP-Cyanine5.5-labelled CD80, and PE-labelled CD86.
Although the proportion of M1 cells (CD80hi&CD86hi) and M2
cells (CD206hi) in tumors was increased after anti-PD-1 treat-
ment, the M1/M2 ratio was decreased as compared to P&I groups
(Figure 6A—C). We intended to figure out why both immunother-
apy (I) and photothermal therapy (P) alone can induce the in-
crease of M1 and M2, but the effect of P&I combined was in-
ferior to that of P or I alone. Immunotherapy used anti-PD-1 to
treat mice so that it could induce the increase of M1 and M2. Pho-
tothermal therapy uses a laser to treat glioma so that it could in-
crease the tumor lysates as autoantigens which further enhanced
the antigen presentation involving M1 and M2 macrophages
when compared to the control group and the meantime reduced
the numbers of M1 and M2 cells when compared to I group. P&I
showed a moderate level in M1 cells and a minimum M2 cell level
when compared to the I or P group. We then evaluated M1/M2 ra-
tio at earlier time points (Day 16 v. Day 19 v. Day 22) (Figure S34,
Supporting Information). The ratio of M1/M2 showed a trend
of increasing and then decreasing. Among all treatments, the
P&I treatment showed the smallest decrease in the M1/M2 ra-
tio. These results indicated that immunotherapy could increase
the infiltration of macrophages, whereas photothermal therapy
could decrease the infiltration of macrophages. Ultimately, ow-
ing to the mutual influence of immunotherapy and photother-
mal therapy, the P&I group, selectively reduced more M2 cells
than M1 cells. We then used frozen sections to co-stain markers
for M1 cells (CD86) and M2 cells (CD206) (Figure 6D). The con-
trol group primarily showed the infiltration of suppressive M2
cells. The Pg@EV-H-T group increased the infiltration of M1
cells. The two phenotypes of macrophages in I group appeared
to be proportionally balanced macroscopically, primarily focus-
ing on the periphery of the tumor. P group reduced the num-
ber of M2 macrophages. Results in P&I group also demonstrated
a similar distribution of macrophages as P group. We further
found MCP-1, Argl, and Ym1 mRNA expression were down-
regulated, and maintained at moderate levels, which verified the
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capability of P&I to modulate the balance of M1 and M2 cells
(Figure GE).

We next sought to identify the activity of T cells which act as
the downstream cells after the macrophages process antigen in-
formation from cancer cells and present on the surface. More T
cells (CD3-positive) had already been involved in antigen presen-
tation in the P&I group, approaching 48.26%, almost twice that
of the other groups, demonstrating a possible direct impact from
the balance of M1 and M2 cells to T cells (Figure 6F). Increased T
cell subtypes were also observed in mice exposed to I, P, and P&l
(Figure 6G). Interestingly, P&I had the highest CD8* amounts
among all groups, suggesting remarkably increased anti-glioma
immune response as they played a prominent role in identifying
and killing cancer cells. The obvious difference in CD4-positive
amounts between I and P&I were not shown. We cocultured T
cells from P&I group (effector cells) and tumor cells (target cells)
to measure the lysis of tumor cells (Figure 6H). As the propor-
tion of effector cells increased, the killing effect on tumor cells
increased. Up to 80% lysis effect was achieved. In addition, the ex-
pression of CD3* CD8" CD107a", a biomarker of tumor-specific
cytotoxic T lymphocytes (CTLs), was evaluated (Figure 6I). P&l
group presented up to 60% CD3+ CD8* CD107a* expression.

It was also important to determine the role of CD4" cells in the
glioma microenvironment. Thus, when checking the cytokines
secreting by CD4" cells, we found the level of IL-4 in the P&I
group was lower than the I group, and the level of IL-1f in the
I and P&I group were similar (Figure S35, Supporting Infor-
mation). IL-4 promotes T helper 2 (Th2) response which has
been proposed to facilitate tumor growth, while IL-18 expres-
sion induces robust and durable CD4 responses.[***3] The ex-
pression of IL-1f matched with the differentiation results of T
cell subtypes. The expression of IL-4 suggested P&I group as-
sisted in the relief of the immunosuppressive glioma microenvi-
ronment through attenuated Th2 responses. We also tested more
cytokines, including IL-23, IL-6, IL-12, and IFN-y (Figure 6]-M).
IL-23 is an important factor in the differentiation and mainte-
nance of Th17 cells, which is considered to be associated with
the development and invasion of tumors, as they can mediate
inflammatory responses and promote neovascularization.[*l TL-
6 triggers apoptosis and inhibits in vivo growth of malignant
T cells.[**] IL-12 has been reported to exert IFN-y-independent
tumor-suppressive activities.[**] IFN-y which could be produced
by CD8" cytotoxic T lymphocytes, has a key role in prevent-
ing tumor initiation, growth, and metastasis.*! The downreg-
ulation of IL-23 expression and the upregulation of IL-6, IL-12,

Figure 6. The analysis of the immune microenvironment induced by bacteria synergized with PD-1 blockade. A) Flow cytometric analysis of M1 cells
(CD80hi&CD86hi) in the brains after different treatments. B) Flow cytometric analysis of M2 cells (CD206hi) in the brains after different treatments. C)
The M1/M2 ratio in the brains after different treatments. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. D) Immunofluorescence
of DAPI, PE-CD86, and FITC-CD206 on cryosectioned mice brain tissue. The green arrows represented the expression of CD206 and the red arrows
pointed to the expression of CD86. E) Total RNA was gathered from the whole brain, and mRNA expression level of iNOS, MCP-1, Arg1, and Ym1
was assayed through qPCR using GAPDH as an internal standard. F) Flow cytometry on brain cells to count CD3" T cells population. G) Identification
of CD4* or CD8* T cell population under the gate of CD3" T cells. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. H) The
cytotoxicity measured at different effector:target (E:T) ratios. Effectors were T cells from P&l group. Target was glioma cells. Data presented as mean +
SD, n = 6, ¥p<0.05, **p<0.01, *** p<0.001. I) Percentages of CD3* CD8" CD107a* cells. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01,
*%% p<0.001. ]) Expression levels of IL-23 were quantitatively tested by ELISA. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. K)
Expression levels of IL-6 in the brain. Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. L) Expression levels of IL-12 in the brain.
Data presented as mean + SD, n = 6, *p<0.05, **p<0.01, *** p<0.001. M) Expression levels of IFN-y in the brain. Data presented as mean + SD, n =
6, *p<0.05, **p<0.01, *** p<0.001.
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and IFN-y expression could be observed in P&I group when
compared to saline-treated group, demonstrating the antitumor
immune response elicited by the treatment. Taken together,
our study indicated that the positive feedback loop of cancer
cells-macrophages-T cells existed under the bacteria-based P&I
strategy.

3. Conclusion

These customized bacteria are based on Pg, EV, Hemsome,
and Tfsome, in combination with an 808 nm laser for improv-
ing the efficacy of anti-PD-1 toward glioma. Compared with
other engineered bacteria, the formulations of our customized
bacteria could face three challenges of anti-PD-1 immunother-
apy for glioma, exerting its functions at a clear pattern (BBB
passing—selective target—photothermal conversion—oxidative
damage protection) with high safety profiles. We verified each
step in the functional pattern. We pioneered intranasal ad-
ministration of customized Pg for brain delivery and even M2
macrophage delivery. Upon intranasal administration, Pg@EV-
H-T could bypass the BBB barrier. In case some of them cannot
use the way around, the EV part and Tfsome part in Pg@EV-H-
T can provide active homing to the glioma microenvironment.
After arriving at the glioma, the Tfsome part in Pg@EV-H-T can
target TfR-overexpressed cancer cells and M2 cells that have more
TR, which enables the next step of photothermal conversion.
Pg@EV-H-T in cancer cells and M2 cells rely on melanin to ab-
sorb heat from an 808 nm irradiation, producing leakage anti-
gens as neoantigens. The part of Hemsome in Pg@EV-H-T can
consume ROS via the reaction of ROS+Fe**—>Fe’*+H,0+0,,
preventing live M1 cells from oxidative damage.

We have demonstrated that Pg@EV-H-T is biodegradable and
has no obvious side effects. The mild temperature used in our
strategy avoids potential thermal injuries to the fragile central
nervous system. However, current data are not enough to draw
conclusions that the fragments from damaged Pg@EV-H-T can
be completely eliminated by bodies. Future studies will be re-
quired to focus on this question and answer whether fragments
trigger foreign body reactions.

We have evaluated the anti-glioma effects of anti-PD-1 im-
munotherapy, Pg@EV-H-T based photothermal therapy, and
Pg@EV-H-T combined anti-PD-1 photothermal immunotherapy
in U87-bearing nude mice and GL261-bearing C57BL/6 mice.
The prerequisite to improve anti-PD-1 efficacy is having a com-
plete immune system, especially the presence of T cells which
are targets of anti-PD-1. Pg@EV-H-T-based photothermal ther-
apy worked as assistance to anti-PD-1 immunotherapy in the
GL261 glioma model, ameliorating tumor volume and survival
rate. The number of both PD-1 expressed T cells and apoptotic
cells increased after the treatment of Pg@EV-H-T combined anti-
PD-1 photothermal immunotherapy, apparently waking the “hot”
tumor immunity.

We have tested the hypothesis behind the appearance of a
“hot” tumor that customized bacteria combined with anti-PD-
1 photothermal immunotherapy can enhance the positive feed-
back loop of cancer cells-macrophages-T cells. We analyzed the
molecules expressed on macrophages and T cells in glioma. A
higher M1/M2 ratio in tumors could be seen in the photother-
mal immunotherapy group. The balance of M1/M2 cells sup-
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ported antigen processing and antigen presentation, resulting in
more cytotoxic T cells and helper T cells but with less IL-4 ex-
pression. The observed positive correlation between the number
of macrophages and T cells supported the hypothesis of a positive
feedback loop.

In summary, this work disclosed the versatility of Pg@EV-H-T
in completing the mission of selective targeting and waking the
asleep immune system. Pg@EV-H-T-based combination therapy
could be extended to other cold tumors to improve the sensibiliza-
tion of anti-PD-1, for instance, taking into account the specific
characteristics of different tumor immune microenvironments
and replacing the bacterial coating. We believe our customized
bacteria will stimulate more innovative thinking on fabricating
engineered bacteria and using them as novel systems for disease
intervention and treatment.

4. Experimental Section

Materials:  Pg strain ATCC33277 was obtained from BeNa Culture
Collection Center (Beijing, China). Anti-CD63 &amp; anti-TSG101 were
bought from Umibio (Shanghai, China). Exosome-depleted FBS was pro-
vided by HAKATA (Shanghai, China). Exo-spin mini standard and exo-spin
buffer were bought from TheWell Bioscience (North Brunswick, USA).
LPS, hemin, and transferrin were purchased from Sigma-Aldrich (St. Louis,
USA). Mouse IL-4 was purchased from PeproTech (RockyHill, USA). Fire-
fly luciferase reporter gene lentiviral vector was bought from Genechem
(Shanghai, China). DiR and FITC were bought from Beyotime Biotech-
nology (Shanghai, China). DCFH-DA and Rosup were bought from Solar-
bio (Beijing, China). HO-1 Assay Kit, Ferrous Iron Colorimetric Assay Kit,
and Cell Total Iron Colorimetric Assay Kit were provided by Elabscience
(Wuhan, China). n situ Apoptosis Detection Kit was bought from TaKaRa
(Beijing, China). APC-CD11b, FITC-CD206, Percp/Cy5.5-CD80, PE-CD86,
FITC-CD3, PE-CD4, Percp/Cy5.5-CD8, FITC-PD1 was bought from BioLe-
gend (San Diego, USA). Mouse IL-4 and Mouse IL-1 ELISA Kits were
bought from Boster (Pleasanton, USA).

Animals:  Six to eight weeks male C57BL/6 and male BALB/c nude
mice were provided by CharlesRiver Laboratories (Beijing, China) and cul-
tivated in a specific pathogen-free environment in accordance with China
Animal Protection Law (CAPN). The animal protocols were approved by
the Zhejiang Chinese Medical University Laboratory Animal Research Cen-
ter Ethics Committee (approval number: IACUC-20231023-05) and relied
on by all animal experiments.

Cell Culture: The U87, GL261, BV2, and bEnd.3 cell lines were pur-
chased from the American Type Culture Collection (ATCC). Primary mi-
croglia were extracted from fetal mice, followed by culture for 10 days in
IL-4 (20 ng mL~") or LPS (100 ng mL~") supplemented medium to obtain
M2-polarized cells or M1-polarized cells.

Preparation of Customized Bacteria: 1) The preparation of EVs: BV2
cells were grown to 90% confluency, washed three times, and incubated
with serum-free media for another 48 h. The supernatant was collected
and centrifuged at 300xg for 10 min to remove cells and cellular debris.
Transferred the supernatant to a new tube and centrifugated at 16 000xg
for 30 min to remove the remained cellular debris. The resulting super-
natant was subsequently added with Exo-spin precipitation buffer and in-
cubated overnight. Precipitation of EV was obtained by centrifugation at
16 000xg for 1 h. Added 100 pL PBS to resuspend the EV for further pu-
rification. A size exclusion column was first put at room temperature for
15 min to equilibrate and 250 uL PBS was added to wet. Transferred the
100 pL EV into the size exclusion column and collected purified EV through
gravity. 2) The preparation of Hemsome: 100 mg DSPE-PEG-OH, 16 mg
Hemin, 4.58 mg DMAP, 23 mg EDC, 0.5 mL DMF, and 50 mL anhydrous
dichloromethane were mixed and stirred for 48 h at room temperature
without water, oxygen and light. The final product Hemsome was washed
3 times using anhydrous dichloromethane and dialyzed using MW2000 re-
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generated cellulose dialysis tape. 3) The preparation of Tfsome: 1 ug uL™"
DBCO-PEG,-NHS was sterilized using a 0.22 pum cell filter and added into
0.1 ug uL~" transferrin solution. Then the solution was put on the cell
shaker under 300 rpm for 1 h at room temperature. The solution was cen-
trifuged at 7000 r min~" for 30 min to remove the excess DBCO-PEG,-NHS
using a 15 mL 30 KDa MerckMillipore ultrafiltration tube. The trapped so-
lution was further mixed with DSPE-PEG-N; at 37 °C for 1 h under 40 r
min~!, dialyzed using MW3500 regenerated cellulose dialysis tape, and
stored for the preparation of EV-H-T. 4) The preparation of EV-H-T: EV,
Hemsome, and Tfsome were mixed together at the volume ratio of 1:1:1
at37°Cfor 1h under 40 r min~'. 5) The preparation of Pg@EV-H-T: 1 mL
107 CFU mL™" Pg was resuspended in PBS, mixed with 100 uL EV-H-T
and cultured at 37°C for 2 h. The mixture was extruded 11 times through a
polycarbonate porous membrane, followed by centrifugation at 4000 rpm
for 20 min to remove excess EV-H-T.

Characterization of Customized Bacteria: Hemsome was assayed by
TH-NMR spectra using DMSO-d6 as the solvent and by HPLC-MS spec-
trometry using water and acetonitrile as eluents. Tfsome was assayed by
FT-IR spectrum from 4000 to 400 cm™" in the infrared region and by SDS-
PAGE using PEG color reaction. EV was assayed by SDS-PAGE to detect
the main protein stripes and by WB using CD63 and TSG101 as mark-
ers. Suspensions containing Pg, EV-H-T, and Pg@EV-H-T were visualized
by TEM. The generation of Pg@EV-H-T was proved by XPS to study the
changes in surface elements and by DLS to analyze the changes in parti-
cle size.

Fabrication of In Vitro Blood-Brain Barrier (BBB) Model and the Penetra-
tion Efficiency: A transwell system was used to fabricate the in vitro BBB
model. bEnd.3 cells at the density of 5 x 10 cells were seeded in the upper
chamber. The lower chamber was placed blank medium. The transmem-
brane resistance of bEnd.3 cells were recorded every day using a trans-
membrane resistance meter. When the resistance reached and stabilized
above 200 Q cm?, it was observed under a microscope to ensure the con-
struction of the simulated BBB in vitro. Cancer cells were added into the
Transwell lower chamber one day in advance, and then FITC-labeled EV,
Hemsome, Tfsome, and EV-H-T were added the next day. After 3 h incu-
bation, the cells in the lower chamber were collected, and the proportion
of cells expressing fluorescence was recorded by flow cytometry to study
the penetration efficiency of the BBB.

The Selective Target to Higher Tf Receptor (TfR) Expressed Glioma Cells
and M2 Phenotype Macrophages:  To clarify the role of Tf in brain-targeted
transport, the cells in the upper and lower chambers were preprocessed
with 100 pg mL~" Tf solution to saturate the Tf receptors, and then the cells
in the lower chamber were collected for subsequent analysis to compare
the effect of Tf preprocessing and untreatment.

The Evaluation of Photothermal Performance: Pg, EV-H-T, Pg@EV-H-T
solution in tubes were treated with 0.33 W cm™2 808 nm for 10 min. The
temperature change was recorded every 1 min. Infrared thermal imaging
of Pg, EV-H-T, and Pg@EV-H-T solution and mice treated with those solu-
tions before or after 808 nm laser irradiation were recorded. The live/dead
cell assay was used to examine the laser-induced cell death according to
the corresponding scheme of a test kit.

Antioxidation Experiment. Confocal microscopy was used to detect Ro-
sup preprocessed BV2 cells. DCFH-DA dye was used to label the cellular
ROS content. Meanwhile, HO-1 concentration, hemin, Fe3*, and Fe?* lev-
els in BV2 cells were measured.

Targeting Behavior and Safety of the Customized Bacteria In Vivo: To
demonstrate the Pg@EV-H-T using intranasal administration can improve
the targeting behavior into the glioma, intraperitoneal injections, intra-
venous injections, and intranasal administration were carried out. Here,
100 puL DiR labeled Pg@EV-H-T or 10 uL Pg@EV-H-T (each containing
20pg EV, 7.29 um hemin, 0.25 um transferrin, and 5 um DiR) were em-
ployed. Intraperitoneal injections and intravenous injection used 100 uL
while intranasal administration used 10 uL. Images were obtained in the
prone position at 3 h. To further verify the distribution of Pg@EV-H-T
through intranasal administration, mice were euthanized and their main
organs were excised at time points of 1, 3, 6, 12, and 24 h. The fluores-
cence images were captured and analyzed using in vivo imaging system
with a DiR filter channel.
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Biosafety Studies: The blood samples from Pg@EV-H-T or PBS-treated
mice were collected and performed a complete blood panel analysis and
blood biochemical analysis. After laser treatment, the main organs were
made into single cell suspension, plated evenly on blood agar to culture
for another 72 h to see if there still had bacteria left after photother-
mal treatment. Meanwhile, major organs were also sliced and stained
with H&E dye. In addition, behavioral tests, including open field and ro-
tarod, were used to analyze the behavioral differences among normal
mice, glioma-bearing mice, and glioma-bearing mice with Pg@EV-H-T
treatment.

Anti-Tumor Assessment:  The day of tumor implantation using a stereo-
tactic fixation device was defined as day 0. After 7 days of U87-Luc or
GL261-Luc implantation (2 x 10° cells per mouse), the mice were treated
with PBS, immunotherapy (anti-PD-1), photothermal therapy (Pg@EV-H-
T+808 nm laser), and photothermal therapy & immunotherapy (anti-PD-
1+Pg@EV-H-T+808 nm laser). The treatment was repeated one time per
three days for a total of four times. The tumor size was monitored through
relative bioluminescence intensity using the small animal imaging system.
On day 21, T2-weighted magnetic resonance imaging was scanned for
groups. At the same time, the brain, heart, liver, spleen, lung, and kidney
were separated, fixed, and stained with H&E. The brains were also sub-
jected to caspase3, cleaved caspase3, and other stainings. The survival
curves were drawn during the period of 60 days.

The Analysis of Immune Microenvironment: Brains that contain tu-
mors were extracted at day 21, weighed, and added 500 uL PBS for fur-
ther lysing into cell populations. The cells were resuspended in an anti-
body stain buffer. APC-CD11b, FITC-CD206, Percp/Cy5.5-CD80, and PE-
CD86 were used as macrophage surface markers. FITC-CD3, PE-CD4, and
Percp/Cy5.5-CD8 were used as T-cell surface markers. The cell-free su-
pernatants were used for IL-4 (M2 marker) and IL-1 (M1 marker) ELISA
studies. Besides, total RNA isolation from brain cells was used for reverse
transcription. The resulting cDNA was then used for quantified mRNA ex-
pression level. GAPDH was the internal reference. iNOS and MCP-1 were
the M2 markers. Argl and Ym1 were the M1 markers.

The sequences used were as follows:
GAPDH,

forward: TCGTCCCGTAGACAAAATGG,
reverse: TTGAGGTCAATGAAGGGGTC;
iNOS,

forward: CAGCTGGGCTGTACAAACCTT,
reverse: CATTGGAAGTGAAGCGTTTCG;
MCP-1,
forward:CCAGCACCAGCACCAGCCAA,
reverse:TGGATGCTCCAGCCGGCAACG;
Argl,

forward: CTCCAAGCCAAAGTCCTTAGAG,
reverse: AGGAGCTGTCATTAGGGACATC;
Ym1,

forward: CAGGTCTGGCAATTCTTCTGAA,
reverse: GTCT TGCTCATGTGTGTAAGTGA.

Statistical Analysis: ~ Statistical preprocess were finished with Microsoft
Excel (e.g., transformation, normalization, evaluation of outliers). All re-
sults were reported as means + SD and represented a minimum of six
independent experiments. Statistical significance between groups (*p <
0.05, **p < 0.01, and ***p < 0.001) was demonstrated by t-tests or
ANOVA. GraphPad Prism 8 software was used to analyze the data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Q.C. and Y.Z. contributed equally to this work. The authors thank Dr. Jia-
Zhong Zhang of NOAA Atlantic Oceanographic & Meteorological Labo-

2308124 (14 0‘F16) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

ratory for correcting the spelling, grammar, word use, and punctuation
throughout the manuscript. This work was supported by the National
Natural Science Foundation of China (82301093, 82273861, 82003666,
82273903), the National Key R&D Program of China (2020YFA0803902),
and the Research Project of Zhejiang Chinese Medical University
(2023)KZKTS25).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

anti-PD-1, cancer immunotherapy, customized bacteria, glioma, tumor
microenvironment

Received: October 26, 2023
Revised: February 24, 2024
Published online: March 23, 2024

(1
(2]

(3]
(4]
(3]
(6]
(7]
(8]
9]
(1]

(1]

(12]

(13]
(14]

Adv. Sci. 2024, 11,2308124

R. L. Siegel, K. D. Miller, N. S. Wagle, A. Jemal, CA Cancer J. Clin. 2023,
73, 17.

L. Han, W. Duan, X. Li, C. Wang, Z. Jin, Y. Zhai, C. Cao, L. Chen, W.
Xu, Y. Liu, Y. Y. B, ). Feng, Y. Mao, Q. Yue, X. Y. Zhang, C. Li, ACS Appl.
Mater. Interfaces 2019,11, 15241.

R. Ortiz, G. Perazzoli, L. Cabeza, C. Jiménez-Luna, R. Luque, |.
Prados, C. Melguizo, Curr. Neuropharmacol. 2021, 19, 513.

S. Pinel, N. Thomas, C. Boura, M. Barberi-Heyob, Adv. Drug Delivery
Rev. 2019, 138, 344.

K. Lin, S. E. Gueble, R. K. Sundaram, E. D. Huseman, R. S. Bindra, S.
B. Herzon, Science 2022, 377, 502.

D. E. Citrin, N. Engl. J. Med. 2017, 377, 1065.

I. Mellman, G. Coukos, G. Dranoff, Nature 2011, 480, 480.

S. Yousef, J. Marvin, M. Steinbach, A. Langemo, T. Kovacsovics, M.
Binder, N. Kréger, T. Luetkens, D. Atanackovic, Blood Cancer J. 2015,
5, e285.

Y. Zeng, X. Wei, H. Guo, S. Chen, S. Deng, Z. Liu, Z. Gong, W. Zeng,
Front. Immunol. 2023, 14, 1168244.

H. Guo, R. Wang, D. Wang, S. Wang, ). Zhou, Z. Chai, S. Yao, ). Li, L.
Lu, Y. Liu, C. Xie, W. Lu, J. Controlled Release 2020, 320, 63.

A. Galstyan, ). L. Markman, E. S. Shatalova, A. Chiechi, A. J. Korman,
R. Patil, D. Klymyshyn, W. G. Tourtellotte, L. L. Israel, O. Braubach,
V. A. Ljubimov, L. A. Mashouf, A. Ramesh, Z. B. Grodzinski, M. L.
Penichet, K. L. Black, E. Holler, T. Sun, H. Ding, A. V. Ljubimoyv, J. Y.
Ljubimova, Nat. Commun. 2019, 10, 3850.

I. Gonzalez-Recio, J. Simén, N. Goikoetxea-Usandizaga, M. Serrano-
Macia, M. Mercado-Gémez, R. Rodriguez-Agudo, S. Lachiondo-
Ortega, C. Gil-Pitarch, C. Ferndndez-Rodriguez, D. Castellana, M. U.
Latasa, L. Abecia, . Anguita, T. C. Delgado, P. Iruzubieta, J. Crespo,
S. Hardy, P. D. Petrov, R. Jover, M. A. Avila, C. Martin, U. Schaeper,
M. L. Tremblay, J. W. Dear, S. Masson, M. V. McCain, H. L. Reeves, R.
J. Andrade, M. I. Lucena, D. Buccella, et al., Nat. Commun. 2022, 13,
6816.

R. Sender, S. Fuchs, R. Milo, PLoS Biol. 2016, 14, e1002533.

Z. Cao, S. Cheng, X. Wang, Y. Pang, . Liu, Nat. Commun. 2019, 10,
3452.

[15]

[16]

(17]

(18]
(19]
(20]
(21]
(22]
(23]

(24]

(25]
(26]

(27]

(28]
(29]
(30]
(31]

(32]

(33]
(34]
(33]
(36]
(37]
(38]
(39]

(40]

www.advancedscience.com

X. Ma, X. Liang, Y. Li, Q. Feng, K. Cheng, N. Ma, F. Zhu, X. Guo, Y.
Yue, G. Liu, T. Zhang, ). Liang, L. Ren, X. Zhao, G. Nie, Nat. Commun.
2023, 14, 1606.

S. Zhou, C. Gravekamp, D. Bermudes, K. Liu, Nat. Rev. Cancer 2018,
18, 727.

S.S. Dominy, C. Lynch, F. Ermini, M. Benedyk, A. Marczyk, A. Konradi,
M. Nguyen, U. Haditsch, D. Raha, C. Griffin, L. J. Holsinger, S. Arastu-
Kapur, S. Kaba, A. Lee, M. |. Ryder, B. Potempa, P. Mydel, A. Hellvard,
K. Adamowicz, H. Hasturk, G. D. Walker, E. C. Reynolds, R. L. M.
Faull, M. A. Curtis, M. Dragunow, ). Potempa, Sci. Adv. 2019, 5,
eaau3333.

Q. Chen, C. Liu, C. Liu, D. Zhong, S. Hua, . He, K. Wang, M. Zhou,
Nano Today 2021, 41, 101311.

R. Liu, Z. Cao, L. Wang, X. Wang, S. Lin, F. Wu, Y. Pang, J. Liu, Nano
Today 2022, 45, 101537.

J. Fan, M. Peng, H. Wang, H. Zheng, Z. Liu, C. Li, X. Wang, X. Liu, S.
Cheng, X. Zhang, Adv. Mater. 2019, 31, 1808278.

Z. Cao, X. Wang, Y. Pang, S. Cheng, ). Liu, Nat. Commun. 2019, 10,
5783.

S. Kanagasingam, S. S. Chukkapalli, R. Welbury, S. K. Singhrao, J.
Alzheimers Dis. Rep. 2020, 4, 501.

X. Wang, B. Jia, K. Lee, B. Davis, C. Wen, Y. Wang, H. Zheng, Y. Wang,
J. Am. Chem. Soc. 2024, 146, 868.

L. Salimi, F. Seyedaghamiri, M. Karimipour, H. Mobarak, N.
Mardi, M. Taghavi, R. Rahbarghazi, Cell Commun. Signal. 2023, 21,
118.

T. Koneru, E. McCord, S. Pawar, K. Tatiparti, S. Sau, A. K. lyer, ACS
Omega 2021, 6, 8727.

K. Fan, X. Jia, M. Zhou, K. Wang, ]. Conde, . He, J. Tian, X. Yan, ACS
Nano 2018, 12, 4105.

C. Gianfranca, C. Lara, P. Emanuele, C. Alessandra, T. Enrico, B. Lidia,
C. Alessandro, B. Silvia, A. M. Angelo, A. Pietro, S. Laura, C. Clara, R.
Q. Patrizia, Haematologica 2010, 95, 1814.

J. Zhao, H. Huang, |. Zhao, X. Xiong, S. Zheng, X. Wei, S. Zhou, Acta
Pharm. Sin. B 2022, 12, 2683.

Y. Huang, Z. Guan, X. Dai, Y. Shen, Q. Wei, L. Ren, J. Jiang, Z. Xiao, Y.
Jiang, D. Liu, Z. Huang, X. Xu, Y. Luo, C. Zhao, Nat. Commun. 2021,
12, 4310.

A. H. Sharpe, G. ). Freeman, Nat. Rev. Immunol. 2002, 2, 116.

A. D. Waldman, J. M. Fritz, M. J. Lenardo, Nat. Rev. Immunol. 2020,
20, 651.

E. Karimi, M. Yu, S. Maritan, L. Perus, M. Rezanejad, M. Sorin, M.
Dankner, P. Fallah, S. Doré, D. Zuo, B. Fiset, D. Kloosterman, L.
Ramsay, Y. Wei, S. Lam, R. Alsajjan, |. R. Watson, G. Roldan-Urgoiti,
M. Park, D. Brandsma, D. L. Senger, . A. Chan, L. Akkari, K. Petrecca,
M. C. Guiot, P. M. Siegel, D. F. Quail, L. A. Walsh, Nature 2023, 674,
555.

E. Nance, S. H. Pun, R. Saigal, D. L. Sellers, Nat. Rev. Mater. 2022, 7,
314.

R. A. Feelders, E. P. Kuiper-Kramer, H. G. van Eijk, Clin. Chem. Lab
Med. 1999, 37, 1.

A. Mantovani, A. Sica, S. Sozzani, P. Allavena, A. Vecchi, M. Locati,
Trends Immunol. 2004, 25, 677.

C. Bastiancich C, A. Da Silva, M. A. Estéve, Front. Oncol. 2021, 10,
610356.

X. Li, L. Kong, W. Hu, C. Zhang, A. Pich, X. Shi, X. Wang, L. Xing, J.
Adv. Res. 2022, 37, 255.

B. Bernocchi, R. Carpentier, I. Lantier, C. Ducournau, |. Dimier-
Poisson, D. Betbeder, J. Controlled Release 2016, 232, 42.

Y. Wang, R. Garg, D. Cohen-Karni, T. Cohen-Karni, Nat. Rev. Bioeng.
2023, 1, 193.

M. Asadi, S. Taghizadeh, E. Kaviani, O. Vakili, M. Taheri-Anganeh,
M. Tahamtan, A. Savardashtaki, Biotechnol. Appl. Biochem. 2022, 69,
1633.

2308124 (1 50f1 6) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[41] M. Kopf, G. L. Gros, M. Bachmann, M. C. Lamers, H. Bluethmann,
G. Kéhler, Nature 1993, 362, 245.

[42] S. Z. Ben-Sasson, ). Hu-Li, J. Quiel, S. Cauchetaux, M. Ratner, I.
Shapira, C. A. Dinarello, W. E. Paul, Proc. Natl. Acad. Sci. U.S.A. 2009,
106, 7119.

[43] N.R. Mahadevan, ]. Rodvold, H. Sepulveda, S. Rossi, A. F. Drew, M.
Zanetti, Proc. Natl. Acad. Sci. USA 2011, 108, 6561.

Ady. Sci. 2024, 11,2308124

www.advancedscience.com

[44] G. Regis, L. Icardi, L. Conti, R. Chiarle, R. Piva, M. Giovarelli, V. Poli,
F. Novelli, Leukemia 2009, 23, 2102.

[45] M. W. Teng, E. P. Bowman, . |. McElwee, M. J. Smyth, .
L. Casanova, A. M. Cooper, D. ). Cua, Nat. Med. 2015, 217,
719

[46] Z.Geng, Z. Cao, R. Liu, K. Liu, J. Liu, W. Tan, Nat. Commun. 2021, 12,
6584

2308124 (16 0‘F16) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Bacteria Synergized with PD-1 Blockade Enhance Positive Feedback Loop of Cancer Cells-M1 Macrophages-T Cells in Glioma
	1. Introduction
	2. Results and Discussion
	2.1. Developing the Customized Bacteria
	2.2. Functions of the Customized Bacteria In Vitro
	2.3. Evaluations of Customized Bacteria In Vivo
	2.4. Improving the Outcome of Anti-PD-1 in Glioma Treatment
	2.5. Enhancing the Positive Feedback Loop of Cancer Cells-Macrophages-T Cells

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


