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Modified hollow mesoporous
silica nanoparticles as immune
adjuvant-nanocarriers for
photodynamically enhanced
cancer immunotherapy

Qianru Li", Qiangian Liu#*', Heli Li*, Liyun Dong?, Yajie Zhou?,
Jintao Zhu?, Liu Yang®* and Juan Tao™*

*Department of Dermatology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology (HUST), Wuhan, China, 2Key Laboratory of Material Chemistry for Energy Conversion
and Storage, Ministry of Education, School of Chemistry and Chemical Engineering, HUST, Wuhan,
China, *Hubei Key Laboratory of Plasma Chemistry and Advanced Materials, School of Material Science
and Engineering, Wuhan Institute of Technology, Wuhan, China, “Division of Child Healthcare,
Department of Pediatrics, Tongji Hospital, Tongji Medical College, HUST, Wuhan, China

Nanomedicine has demonstrated great potential in enhancing cancer
immunotherapy. However, nanoparticle (NP)-based immunotherapy still has
limitations in inducing effective antitumor responses and inhibiting tumor
metastasis. Herein, polyethylenimine (PEl) hybrid thin shell hollow
mesoporous silica NPs (THMSNs) were applied as adjuvant-nanocarriers and
encapsulated with very small dose of photosensitizer chlorine e6 (Ce6) to
realize the synergy of photodynamic therapy (PDT)/immunotherapy. Through
PElI etching, the obtained Ce6@THMSNs exhibited enhanced cellular
internalization and endosome/lysosome escape, which further improved the
PDT efficacy of Ce6@THMSNSs in destroying tumor cells. After PDT treatment,
the released tumor-associated antigens with the help of THMSNs as adjuvants
promoted dendritic cells maturation, which further boosted CD8" cytotoxic T
lymphocytes activation and triggered antitumor immune responses. The in vivo
experiments demonstrated the significant potency of Ce6@THMSNs-based
PDT in obliterating primary tumors and inducing persistent tumor-specific
immune responses, thus preventing distant metastasis. Therefore, we offer a
THMSNs-mediated and PDT-triggered nanotherapeutic system with

Abbreviations: APCs, antigen-presenting cells; BMDCs, Bone-marrow-derived dendritic cells; CAR,
chimeric antigen receptor; Ce6, chlorine e6; CTLs, cytotoxic T lymphocytes cells; CLSM, confocal
laser scanning microscopy; DCs, dendritic cells; DL, drug loading capacity; DLS, dynamic light

scattering; DMSO, dimethyl sulphoxide; EDX, energy dispersive X-ray spectroscopy; EE,
encapsulation efficiency; FTEM, field emission transmission electron microscope; H&E,
hematoxylin  and  eosin; HMSNs, hollow mesoporous silica nanoparticles; IHC,

immunohistochemistry; IrAEs, immune-related adverse events; PBS, phosphate-buffered saline;
PDT, photodynamic therapy; PEIl, polyethylenimine; PLGA, poly (lactic-co-glycolic acid); PS,
photosensitizers; mCSiO2, mesoporous core-shell silica; NP, nanoparticle; TAA, tumor-associated
antigens; TEM, transmission electron microscope; THMSNs, thin shell hollow mesoporous silica
nanoparticles.
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immunogenic property, which can elicit robust antitumor immunity and is
promising for future clinical development of immunotherapy.
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Mechanism of antitumor immune responses induced by Ce6@THMSNs. We introduced PEI hybrid thin shell HMSNs loaded with photosensitizer

Ceb (Ce6@THMSNS) to enhance nanoparticle-based cancer immunotherapy. Ce6@THMSNs-based PDT realized the synergy between Ce6-
induced PDT and THMSNs-mediated adjuvant effect, strongly induced antitumor immune responses, enabling the forceful elimination of primary
tumors and tumor metastasis. This study may provide a potential agent to improve the efficiency of tumor immunotherapy.”

Introduction

The development of cancer immunotherapy is a promising
strategy for the next-generation of cancer therapy, as it is
based on teaching or exciting the immune system of the body
to detect and kill tumor cells (Khalil et al., 2016; Galon and
Bruni, 2019). Immuno-therapeutic approaches, including
cancer vaccines, (Irvine et al,, 2015), cytokine therapy, (Yi
et al,, 2018), immune-checkpoint blockade therapy (Gubin
et al., 2014; Gettinger et al., 2015), and adoptive T cell transfer
[e.g., chimeric antigen receptor (CAR)-T cell therapy] (Maude
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et al., 2014; Golubovskaya, 2017) have achieved remarkable
success in the clinic, especially the latter two treatments.
However, these methods still have some limitations. While
immune-checkpoint blockade therapies have significantly
improved the survival rates of patients with many cancer
types, the low response rates and severe immune-related
adverse events (IrAEs) have restricted their widespread
application clinically (Robert et al., 2015; Long et al., 2018;
Postow et al., 2018). CAR-T cell therapy has shown notable
clinical efficacy against hematological tumors, but has yet to
exhibit any considerable impact on solid tumors due to the
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formation of the immunosuppressive microenvironment,
which has inhibited the infiltration and proliferation of
CAR-T cells (Lim and June 2017). Therefore, there is an
urgent need for a new treatment method that can regulate
the immunosuppressive tumor microenvironment, and be
applied to a variety of tumors.

Photodynamic therapy (PDT) has obtained clinical approval
and been successfully used against many solid tumors, (Fan et al.,
2016, Fan et al., 2017), which can effectively activate antitumor
immunity by exciting photosensitizers (PS) with laser irradiation
and destroying tumor cells to release tumor-associated antigens
(TAA) (Heetal., 2016). Especially, PDT has identified to have the
significant advantages of less damage to normal tissues and high
safety (Huang et al., 2011). However, the limited penetration of
laser irradiation makes PDT usually failure in treating distant
tumors or tumor metastasis (Zhou et al., 2016). Moreover, PDT-
instigated immune responses are typically limited, resulting in its
inability to halt the continuous growth of the remaining tumor
cells (Castano et al., 2006). Therefore, some attempts have been
made to activate stronger immune response through the strategy
of combination NPs with adjuvants. Liu et al. constructed poly
(lactic-co-glycolic acid) (PLGA) NPs that simultaneously contain
a cell-penetrating peptide and two cytokines as adjuvants for
effective cancer immunotherapy (Liu et al., 2013). Unfortunately,
traditional nanocarriers (e.g, PLGA nanospheres) have low
adjuvant loading efficiency and face difficulty exposing
adjuvants because of the carrier entrapment (Wang et al,
2018). In summary, a new strategy is urgently needed to
directly cause tumor cell death and effectively activate the
immune response.

In this study, we fabricated thin-shell polyethyleneimine (PEI)-
hybrid hollow mesoporous silica nanoparticles (HMSNs) loaded
with photosensitizer chlorine e6 (Ce6) (denoted as Ce6@ THMSNs)
to realize photodynamic-triggered immunotherapy (Scheme 1).
HMSNs with large and uniform pore size, feasibility of surface
functionalization and excellent biocompatibility are attractive
nanocarriers (Chen et al, 2013; Wang et al, 2022). After PEI
etching, we found that the obtained THMSNs could serve as
both excellent vehicles and immunoadjuvants, due to the
positively charged surface and the thin-shell structures (Liu et al,,
2019). Ce6@THMSNs acquired increased cellular uptake and
promoted endosome/lysosome escape, thus the PDT efficacy was
improved even under a relatively low dose of Ce6. More
significantly, Ce6-induced PDT together with THMSNs-mediated
adjuvant effect showed vaccine-like functions, efficiently promoting
dendritic cells (DCs) maturation and cytotoxic T lymphocytes cells
(CTLs) activation. This could boost antitumor immunity, enabling
the prevention of tumor progression and distant metastasis.
Therefore, we have demonstrated the significant potency of
adjuvant THMSNs-based PDT in promoting persistent tumor-
specific immune responses and preventing tumor progression,
indicating Ce6@THMSNs a potential agent in promoting the
efficiency of cancer immunotherapy.
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Experimental section

Synthesis of thin shell hollow mesoporous
silica nanoparticles

THMSNs were synthesized following our previous report.
(Liu et al,, 2019). Briefly, mesoporous silica coated solid silica
nanoparticles (sSiO,@mSiO, NPs) with core-shell structure were
firstly formed, subsequently, etched for 30 min by sodium
carbonate (Na,COs, Sinopharm Chemical Reagent Co.) with
the concentration of 0.4 M, mesoporous core-shell silica
(mCSiO,) NPs were obtained after removing CTAB micelles.
Finally, the as-prepared mCSiO, NPs were further etched by
2.0 mg/ml of branched PEI (M,, = 25 kDa, Sigma-Aldrich) for
2h. After removing free PEI, THMSNs were obtained. The
morphology, structure, and surface chemistry of THMSNs
were investigated using transmission electron microscope
(TEM, Tecnai G220, FEI company, Holland), field emission
transmission electron microscope (FTEM, Tecnai G2 F30, FEI
company, Holland), and dynamic light scattering (DLS, Nano-
7590, Malvern Instruments Ltd., United Kingdom).

Preparation of chlorine €6 loaded thin
shell hollow mesoporous silica
nanoparticles

Ce6@THMSNss were prepared by a solution-solvent evaporation
method. 133 pl of Chlorin e6 (Ce6, Frontier Scientific, Inc.) dimethyl
sulphoxide (DMSO, Sinopharm Chemical Reagent Co.) solution with
the concentration of 1.0 mg/ml was added into 5 mg THMSNS. After
mixing by sonication for 10 min, the suspensions in liquid state were
evaporated by negative pressure. Ce6@THMSNs were achieved after
removing unabsorbed excess Ce6 by washing the deposits. Ce6 loaded
HMSNs (Ce6@HMSNG) as control group was synthesis according to
the above method. Ce6@THMSNSs, Ce6@HMSNs, and Ce6 were
evaluated by UV-Vis spectrophotometer (UV-1800, SHIMADZU,
Japan). The concentration of Ce6 in the supernatant was analysed by
UV-Vis spectrophotometer to measure the drug loading capacity
(DL) and encapsulation efficiency (EE) of Ce6. Fluorescence
spectrophotometer of the Ce6@THMSNs, Ce6@HMSNs, and
Ce6 were analyzed via a Fluoromax-4 spectrofluorometer (Horiba
Jobin Yvon Inc.) under 400 nm excitation.

Measurement of singlet oxygen

Singlet oxygen was detected as follows method (Tian et al., 2011).
Solutions containing Ce6@ THMSNs, Ce6@HMSNS, or Ce6 (0, 1, 2,
and 4 pg/ml of Ce6; or 0, 37.5, 75, and 150 ug/ml of HMSNs or
THMSNs equivalent) were mixed with N, N-dimethyl-4-
nitrosoaniline (RNO, 300 uM, Energy Chemical Inc.), L-Histidine
(30 mM, Sigma-Aldrich), and PBS (10 mM, pH = 7.4). Subsequently,
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Construction and characterization of Ce6@THMSNSs. (A) Illustration of the synthesis of Ce6@THMSNSs. (B) TEM image, (C) Dark-field TEM image

and (D) The EDX of THMSNSs.

the solutions were irradiated for certain time periods under 655 nm
laser. The absorption of RNO at 440 nm were bleached by singlet
oxygen generated under irradiation, then was detected by the UV-Vis
spectrophotometer. The production of singlet oxygen ('O,) was
proved by the diminished optical density at 440 nm.

Cellular uptake and intracellular
distribution

4T1 cells were cultured in a standard environment (37°C and 5%
CO,). For confocal laser scanning microscopy (CLSM) analyzing, these
cells were incubated with Ce6@THMSNs, Ce6@HMSNs, Ce6, or
phosphate-buffered saline (PBS) for 6h using the same 1 ug/ml
Ce6 concentration across groups. Nuclei were stained on coverslips
using DAPI per the manufacturer’s directions, mounted on
microscopic slides, and imaged with a Leica SP5 confocal microscope.
To study the intracellular localization of NPs, the cells were incubated with
fresh medium containing LysoTracker (100 nM, Invitrogen; 1 h, 37°C).
These results were imaged by confocal microscope (Olympus IX73) and
the overlap coefficient between the red and green fluorescence signal were
calculated by Image-Pro Plus 6.0 software. For flow cytometry evaluations,
the cells were incubated with Ce6@THMSNs, Ce6@HMSNs, Ce6, or PBS
(the concentration of Ce6 was 1 pg/ml across all groups) at different times
and the harvested cells were assessed with flow cytometry (BD LSR-2,
United States).
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In vitro photodynamic toxicity and dark
toxicity

To evaluate photodynamic toxicity, 4T1 cells were stimulated
with PBS or Ce6@THMSNs, Ce6@HMSNs, Ce6 with the
concentration of Ce6 (1 pg/ml) across all groups at different
times or several Ce6 concentrations for 6h. The cells were
subsequently subjected to irradiation from 655nm laser (MD-
655-HS-1.8W, CNIlaser, China) for 1 min (0.3 W/cm?). After
irradiation, cells were incubated with Cell Counting Kit-8 (CCK-
8) solution (Boster, China) for an additional 1 h, and their relative
viabilities were determined using a microplate reader (Infinite F50,
Tecan Austria, Austria) to read absorbances at 450 nm.

For the dark cytotoxicity study, the cells were incubated with
Ce6@THMSNs, Ce6@HMSNs, Ce6,
Ce6 concentrations for 6 h and then their relative viabilities

or PBS at various
were determined using the CCK8 assay, as described above.
In vitro dendritic cell stimulation
experiments

Bone-marrow-derived dendritic cells (BMDCs) were obtained from
6-8-week-old BALB/c mice acquired from Beijing Huafukang

Bioscience Co., Inc., as detailed in a previous report, (Xie et al,
2017), and co-cultured them with Ce6@THMSNs, Ce6@HMSNS,
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Ce6, THMSNs, and HMSNS, separately [(THMSNs) = 30 pg/ml,
(Ce6) = 1 pg/ml, (HMSNs) = 30 pg/ml] for 24 h. In addition, 10 ng/
ml LPS were added into BMDCs to serve as positive control and
untreated BMDCs set were used as negative control. At the end of the
various treatments, the BMDCs were harvested and incubated with
PerCy7-CDl1l1c (Biolegend), PE-CD86 (Biolegend), Brilliant Violet
421™ MHC-I (I-A/I-E) (Biolegend), and FITC-CD80 (Biolegend)
antibodies, and assessed with flow cytometry (BD LSR-2, United States).
For co-culture system, 4T1 cells were incubated with various
nanoparticles for 6 h. After replacement of fresh medium, cells were
exposed to 655 nm laser. Then the suspension was collected and added
in BMDCs incubating for another 24 h.

Animal model

The BALB/c mice (6-8 weeks old) were purchased from
Beijing Huafukang Bioscience Co., Inc., and mice experiments
were performed per Chinese law and approved by the Animal
Experimentation Ethics Committee of the Huazhong University
of Science and Technology (IACUC Number: 2891). The mice
were partitioned randomly into groups. To establish the
orthotopic tumor model, 4T1 cells (5x 10°) were suspended
in PBS and then subcutaneously injected into the right rear flank
of mice. To set up the dual tumor model, 5 x 10° 4T1 cells were
subcutaneously injected into the left side of mice for the primary
tumor and 5 x 10° 4T1 cells were subcutaneously injected into the
right side of the mice 7 days later to create the distant tumor.

In vivo therapeutic efficacy of chlorine
€6 loaded thin shell hollow mesoporous
silica nanoparticles-based photodynamic
therapy

Upon the volumes of tumors reaching about 80 mm?,
we randomly partitioned the 4T1 tumor bearing mice into
8 groups (n = 4) and injected PBS (control), free Ce6, and
the various nano-formulations intratumorally at the
Ce6 dose of 6 pg, THMSNs dose of 60 pg, HMSNs dose
of 60 pug per mouse on day 0, day 3rd, and day 6th. 6 h after
the injection, the mice from four selected groups were
irradiated by a 655 nm laser for 3 min (0.3 W/cm?® power
density) and we monitored their tumor sizes [V= (length x
width?)/2] and body weights every 2 days
sacrificing them at the end of day 12th. We harvested
the tumors and major organs, photographed the tumors
and weighed and fixed them with 4% PFA for staining with
H&E, and Ki-67.

To examine immune cells after the antitumor study,

before

TDLNs and tumors were harvested on day 9th for flow
cytometry. The TDLNs were crushed and filtered through a
70 pum strainer and the obtained single cell suspension in each
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case was washed twice and re-suspended in PBS containing 2%
FBS. The single cells in TDLNs were obtained and blocked
with anti-CD16/32 (FcBlock) (Biolegend) for 10 min and
further incubated with PerCy7-CD1lc (Biolegend), PE-
CD86 (Biolegend), Brilliant Violet 421™ MHC-II (I-A/I-E)
(Biolegend), and FITC-CD80 (Biolegend) for 30 min at 4°C.
1500 U/ml
collagenase (Sigma) for 30 min and then 70 pum filters were

The harvested tumors were digested with

used to get the single-cell suspensions. These cells were stained
with PE-CD3 (Biolegend), APC-Cy7-CD8a (Biolegend),
PerCP-Cy5.5-CD107a  (Biolegend), FITC-CD4
(Biolegend) antibodies for 30 min and evaluated utilizing

and

flow cytometry. Data were analyzed with FlowJo V10.

In vivo therapeutic efficacy of chlorine
€6 loaded thin shell hollow mesoporous
silica nanoparticles-based photodynamic
therapy against distant tumors

The day after the distant tumors were inoculated, and the
mice were partitioned randomly into 6 groups (n = 4) and
injected with the same parameters of the various NPs, as
explained above, into the primary tumors of all the animals
intratumorally. 6 h after the injections, three groups were chosen,
which were irradiated by a 655 nm laser (0.3 W/cm?, 3 min) and
the distant tumors were monitored without treatment. At day
14th, the distant tumors and TDLNs were harvested for the
assessment of immune cell populations using flow cytometry, as
explained above.

Statistical analysis

GraphPad Prism 6 software (GraphPad Software Inc.,
United States) were employed for the statistical analyses and
all statistical analyses were presented as the mean + standard
deviation (SD) of at least three separate independent tests. One-
way ANOVA were performed for quantitative data comparisons
between different groups. *p < 0.05, **p < 0.01, and **p <
0.001 values denoted statistically significant differences.

Results and discussion

Generation and characteristics of chlorine
e6 loaded thin shell hollow mesoporous
silica nanoparticles

THMSNs was synthesized through PEI etching method
following our previous report, (Liu et al, 2019), then loaded
with Ce6 via electrostatic interaction. The illustration of the
synthesis of Ce6@THMSNs were shown in Figure 1A. The
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FIGURE 2

UV-Vis spectra, fluorescence spectra and singlet oxygen generation of nanoformulations and free Ce6. (A) UV-vis spectra of Ce6, Ce6@HMSNSs,
Ce6@THMSNs, HMSNs, and THMSNSs. (B) UV-vis spectra of Ce6@THMSNSs at indicated concentrations of Ce6. (C) Fluorescence spectra of Ce6,
Ce6@HMSNs, Ce6@THMSNs at 5 uM of Ce6 equivalent under 400 nm excitation. (D) Fluorescence spectra of Ce6, Ce6@HMSNs, Ce6@THMSNs at
indicated concentration. (E) Time-course production of singlet oxygen by Ce6, Ce6@HMSNs, Ce6@THMSNs, HMSNs, and THMSNs at 2.3 pg/

ml of Ce6 equivalent under 655 nm laser irradiation. (F) Production of singlet oxygen by Ce6, Ce6@HMSNs, and Ce6@THMSNS, at indicated
concentrations after 655 nm laser irradiation for 10 min.

obtained THMSN s with the size of ~200 nm had the porous thin (Supplementary Figure SIA) and hydrodynamic size (about
shell structure (~20 nm), as shown in Figures 1B,C. As a control 240 nm with PDI of 0.048 and 234 nm with PDI of 0.017 for
NPs, HMSNs was also prepared, with similar structure HMSN and THMSNS, respectively) (Supplementary Figures S1B,
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In vitro cellular absorption, endolysosomal escape, and the PDT efficiency of Ce6@THMSNs. (A) CLSM images of 4T1 cells stimulated by Ce6@
THMSNSs, Ce6@HMSNS, or Ce6 for 6 h. The nuclei were stained using DAPI (blue). (B) Flow cytometry results of the treatment of 4T1 cells with Ce6@
THMSNs, Ce6@HMSNSs, or Ceb6 at different times. (C) CLSM images of 4T1 cells stimulated by Ce6@THMSNs, Ce6@HMSNSs, or Ce6 for 6 h.
Intracellular trafficking was evaluated by staining endosomes/lysosomes using LysoTracker. (D) Quantification of the overlap coefficient
between lysosome and Ce6, Ce6@HMSNs or Ce6@THMSNS. (E) In vitro phototoxicities of Ce6@THMSNs, Ce6@HMSNSs, and Ce6 in 4T1 cells after
co-culture and treatment with irradiation from a 655 nm laser (0.3 W/cm?, 1 min) at different times, as determined using the CCK-8 assay. (F) 4T1 cell
viability after treatment with Ce6@THMSNs, Ce6@HMSNSs, and Ce6 at various concentrations with and without irradiation from a 655 nm laser
(0.3 W/cm?, 1 min), as determined using the CCK-8 assay. Data are presented as the mean + SD (***p < 0.001, **p < 0.01, or *p < 0.05).

S2A). The energy dispersive X-ray spectroscopy (EDX) of Clearly, there were the characteristic absorption peak of Ce6 at
THMSNs (Figure 1D) showed that there were consisted of Si, 404 and 641 nm as shown in the UV-Vis spectrum of Ce6@
O, N, and C element, which proved that the hybrid PEI and silica HMSNs. For Ce6@THMSNS, the absorption peak shifted to
in the THMSN . Ce6 were successfully loaded in the HMSNs and 400 and 665nm, respectively, which was ascribed to the
THMSNs, which was confirmed by UV-Vis spectra (Figure 2A). interaction of Ce6 and THMSNSs. The surface of THMSNSs in
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The in vitro immune stimulation impact of Ce6@THMSNSs. (A) Scheme of our experiment for incubating DCs with various NPs. (B) Flow
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Ce6@THMSNs, Ce6@HMSNSs, Ce6, THMSNs, and HMSNSs, respectively. (C) Scheme of our experiment measurement of DC maturation after PDT
treatment. Collection of the suspension of various NPs incubated 4T1 cells after PDT treatment, which were then added in BMDCs. (D)
Quantification of MHCII, CD80, and CD86 expressions in CD11c* cells by flow cytometry. Data are presented as the mean + SD (***p < 0.001, **p <

0.01, or *p < 0.05)

water was positive and alkaline due to well-known proton-
sponge effect of PEL The absorption was concentration
dependent, which increased with the increasing of the
concentration of Ce6@THMSNs  (Figure 2B). The
concentration of Ce6 in HMSNs or THMSNs were also
determined by UV-Vis spectrophotometer. The EE and DL of
Ce6 for THMSNs were about 97.91% and 16.37%, respectively.
Whereas, only reached 76.85% and 8.44% for HMSNS,
respectively. Fluorescence spectra of Ce6, Ce6@HMSNs, and
Ce6@THMSNs were detected to understand the interaction
between silica nanoparticles and Ce6 (Figures 2C,D). It was
observed that the about 25% fluorescence of Ce6 loading in
HMSNs was quenched, and about 95% for THMSNs, which
could be attributed to the tight interaction between Ce6 and
THMSNs. The hydrodynamic size of Ce6@THMSNs was about
250 nm with PDI of 0.062 (Supplementary Figure S2B), which
demonstrated that the Ce6@THMSNs were well dispersed in
water, the slight increase of the hydrodynamic size may due to the
drug loaded. All the results above prove the success synthesis of
Ce6@THMSNS.
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The generation of singlet oxygen

The production of singlet oxygen ('O,) was decisive process
for PDT. RNO was employed to detect the singlet oxygen, due to
its bleaching ability that the absorbance at 440 nm would be
diminished triggered by 'O, generated by 655nm laser. As
shown in Figures 2E,F, the absorbance of RNO at 440 nm in
Ce6, Ce6@HMSNSs, and Ce6@THMSNSs groups were diminished
with different irradiation time and with different concentration
of Ce6. Interestingly, the 'O, production of Ce6@ THMSNs were
still substantially increased from 34.8% to 50.1% of 'O, generated
by free Ce6 with the increase of irradiation time, although the
fluorescence of Ce6 loaded in THMSNs were quenched at a
certain degree, which contains only about 2% fluorescence of free
Ce6. For Ce6@HMSNS, the 'O, were substantially generated to
73.2% of that produced by free Ce6 after irradiation 10 min. The
highly retained 'O, production efficiency of Ce6 loaded on
HMSNs or THMSNs and the slow release of 'O, possess a
promising chance to use Ce6@HMSNs or Ce6@THMSNs for
PDT cancer treatment.
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FIGURE 5

Antitumor immune responses and therapeutic efficacy of Ce6@THMSNs-based PDT in vivo. (A) The graphic of our experimental procedure to
assess antitumor immunity induced by Ce6@THMSNs with PDT treatment. (B) Flow cytometry examination of CD11c*CD80* and CD11c*CD86*
cells in TDLNs after three rounds of treatments on day 9th. (C) CD8*CD107a* T cell and CD4* T cell percentages in tumors after three rounds of
treatments on day 9th. (D) The graphic of our experimental procedure to assess the therapeutic efficacy of Ce6@THMSNSs with PDT treatment.

(E) Photograph of excised tumors on day 12th. (F) The representative curve of tumor volume in different groups after three treatment rounds. Data
are presented as the mean + SD (n = 4) (***p < 0.001, **p < 0.01, or *p < 0.05).

In vitro cell internalization and the
photodynamic therapy effect of chlorine
€6 loaded thin shell hollow mesoporous
silica nanoparticles

The efficacy of PDT depends on particle internalization.
Therefore, we studied the cellular uptake profile of Ce6@
THMSNs carefully. We firstly used CLSM to observe an obvious
intra-cytoplasm fluorescence pattern of Ce6 in 4T1 cells after
stimulated by Ce6@THMSNs and Ce6@HMSNs. In contrast,
only weak fluorescence signals of Ce6 were noted in cells
incubated with free Ce6 (Figure 3A). Next, using flow cytometry,
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we confirmed a time-dependent absorption of Ce6@ THMSNs by
cells. Compared with Ce6 treatment groups, almost all 4T1 cells
exhibited remarkable intracellular Ce6 fluorescence after incubation
with Ce6@THMSNs and Ce6@HMSNSs from 0 to 8 h, indicating
that more Ce6@THMSNs and Ce6@HMSNs were taken up
intracellularly than free Ce6 (Figure 3B). HMSNs are considered
as the representative inorganic NPs for PS delivery in applications of
PDT, because of their efficient storage and enhanced intracellular
uptake effect (Fan et al,, 2017; Vankayala and Hwang, 2018). Our
results confirm that Ce6@ THMSNs (***p < 0.001), even better than
Ce6@HMSNS, could be efficiently internalized by cells, which was
an effective nanoplatform for killing tumor cells with PDT.
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FIGURE 6

The histological analysis of the antitumor effect and in vivo biocompatibility of Ce6@THMSNSs. (A,B) Representative images of staining tumor
sections collected on day 12th with H&E and Ki67. Scale bars: 100 pm.

To determine the manner of intracellular trafficking, we used
LysoTracker to identify luminescent colocations in 4T1 cells, which
was observed with CLSM. We found that THMSNSs encapsulation not
only increased the cellular internalization of Ce6 but also transformed
the subcellular co-placement of the nanoparticles with lysosomes. As
shown in Figures 3C,D, strong Ce6 fluorescence was observed in
Ce6@THMSNS group, and the overlap coefficient for Ce6 (green) and
lysosomes (red) was 0.74 + 0.01 (n = 3), which was lower than that in
the cells incubated with Ce6@HMSNs (0.82 + 0.02) (n = 3). In
contrast, fluorescence staining with LysoTracker proved weak
Ce6 fluorescence colocalization in free Ce6 group. These results
indicate that Ce6@THMSNs promoted endosome/lysosome escape,
possibly through incorporating of PEI-mediated “proton sponge
effect” occurring in acidic lysosomes (Merdan et al, 2002; Akinc
et al,, 2005; Shen et al,, 2017). This would result in the bursting of the
lysosomal membrane and the release of endocytosed Ce6 into the
cytosol, improving the efficacy of PDT.

Frontiers in Bioengineering and Biotechnology

We investigated the PDT efficacy of Ce6@ THMSNs next using
cell counting kit-8 (CCK-8) cytotoxicity assay. As shown in
Figure 3E, Compared to Ce6@HMSNs and free Ce6, Ce6@
THMSNS significantly decreased the cell viability after incubation
with 4T1 cells for 4 h and then exposure to 655 nm laser (0.3 W/
cm’, 1 min). When the incubation time was up to 6 h, the PDT
efficacy of Ce6@HMSNs increased to higher level, but was still lower
than Ce6@THMSNs (**p < 0.01). Based on these observations, our
pretreatment of 4T1 cells with Ce6@THMSNs for 6 h showed
excellent phototoxicities, which were much higher than that in
Ce6@HMSNSs (*p < 0.05) and free Ce6 group (***p < 0.001) under
the same Ce6 concentration (1 pg/ml) after irradiation with 655 nm
laser (0.3 W/cm? 1min) (Figure 3F). All assessed NP types,
including free Ce6, Ce6@HMSNs, and Ce6@THMSNS, exacted
no notable toxic effects in cells in the absence of laser
irradiation, even under high concentrations (Figure 3F). This
demonstrated that Ce6@THMSNs showed high biocompatibility
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Antitumor efficacy against distant tumors and the underlying mechanism triggered by Ce6@THMSNs-based PDT. (A) The graphic of our
bilateral tumor model. (B) The tumor free rate of distant tumors without treatment. (C) Image of excised distant tumors on day 14th. (D) Tumor
volume curve of distant tumors. (E) Flow cytometry examination of CD11c*CD80* and CD11c*CD86" cells in the TDLNs of distant tumors on day
14th. (F) CD4* T cells and CD8*CD107a* T cells percentages in the TDLNs of distant tumors on day 14th. Data are presented as the mean + SD

(n = 4) (***p < 0.001, **p < 0.01, or *p < 0.05).

in vitro. The superior PDT performance of Ce6@THMSNs over
Ce6@HMSNs and free Ce6 probably stemmed from its more
efficient intracellular uptake and the “proton sponge -effect”
enabling lysosome escape. Therefore, Ce6@ THMSNs have great
potential as a biocompatible nano-platform for effective PDT.

Chlorine e6 loaded thin shell hollow
mesoporous silica nanoparticles-induced
in vitro dendritic cell maturation

DCs, as the most effective antigen-presenting cells (APCs),
can present antigens for the activation of naive T cells
(Banchereau et al.,, 2000). DC maturation is essential to
eliciting an immune Mature DC

effective response.
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phenotypes are marked by the upregulation of major
histocompatibility complex classes I/II (MHC-I/MHC-II)
and co-stimulatory molecules (CD80 and CD86) (Gardner
and Ruffell, 2016). As indicated in Figure 4A, we assessed
Ce6@THMSNS’ ability to induce the maturation of immature
BMDCs from BALB/c mice. As expected, THMSNSs (23.63% +
2.59%, 31.42% + 2.34%, 24.35% * 3.01%) induced notably
higher MHCII*/CD80*/CD86" expression of CD11c* DCs than
HMSNs (18.12% + 0.80%, 22.70% * 2.29%, 8.58% =+ 0.62%)
(Figure 4B), which was consistent with findings from our
research, suggesting the stronger immune
stimulation effect of THMSNs than HMSNs (Liu et al,
2019). Similarly, the percentages of the MHCII*/CD80*/
CD86" cells of CDI11c" DCs were significantly increased
after treatment with Ce6@THMSNs (22.76% + 2.72%,

previous
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30.82% + 3.22%, 24.34% =+ 2.66%) than Ce6@HMSNs
(17.24% + 1.73%, 23.12% + 1.93%, 8.42% + 0.55%), with

free Ce6 (14.32% * 1.39%, 12.38% + 0.94%, 7.52% * 0.26%)
having no impact on DC maturation (Figure 4B). And no
significant difference of immuno-stimulating activity of
BMDCs was observed in Ce6@THMSNs or THMSNs
group. Taken together, the promotion of DC maturation
could be attributed to the adjuvant efficacy of THMSNs,
pointing to Ce6@THMSNs as
adjuvants.

powerful immunologic

TAA released after PDT treatment may augment immune
responses by taking advantage of immunologic adjuvants
(Firczuk et al., 2011). We conducted a co-culture system to
analyze such effect in vitro. The suspension was collected after
various NPs incubated 4T1 cells followed by 655 nm laser
irradiation (0.3 W/cm?, 1 min), which were used to stimulate
BMDCs (Figure 4C). After 24 h incubation, DC maturation
was assessed by flow cytometry. Compared to the direct
immunostimulatory effect of THMSNs and HMSNs,
THMSNs and HMSNs in Figure 4D and Supplementary
Figure S3 poorly triggered DC maturation, which could be
caused by little released TAA in the absence of destroyed
tumor cells. On the other hand, all the groups with good PDT
performance (Ce6, Ce6@THMSNs and Ce6@THMSNs)
showed significant promotion of DC maturation.
Particularly, Ce6@THMSNs (28.97% + 1.01%, 52.13% =+
1.36%, 18.43% * 1.22%) showed significant promotion of
MHCII*/CD807/CD86" expression of CDIlc* DCs than
Ce6@HMSNs (24.10% + 0.70%, 45.20% + 2.12%, 14.30% +
2.01%) and free Ce6 (19.87% + 0.80%, 41.80% =+ 1.71%,
12.87% + 0.70%). Taken together, Ce6@THMSNs-based
PDT promoted emission of TAA from tumor debris after
irradiation, and with the help of THMSNs immune
adjuvant effect, could boost maturity of DC.

Chlorine e6 loaded thin shell hollow
mesoporous silica nanoparticles-based
photodynamic therapy in vivo triggered
immune responses for antitumor therapy

Encouraged by the PDT performance and promoted
BMDC activation in vitro, we further evaluated in vivo
immune responses and the therapeutic effect of Ce6@
THMSNs on BALB/c mice bearing 4T1 tumors. Upon the
growth of the 4T1 tumors reaching 80 mm?, we separated
mice arbitrarily into 8 groups (n = 4): 1) PBS, 2) Ce6, 3) Ce6@
HMSNSs, 4) Ce6@THMSNS, 5) PBS + laser, 6) Ce6 + laser, 7)
Ce6@HMSNSs + laser, and 8) Ce6@THMSNSs + laser. Tumor
regions in groups 5, 6, 7, and 8 were irradiated by 655 nm
(0.3 W/em?,
administration. The dose for the intratumoral injection of

laser 3min) at 6h post-intratumoral

Ce6 16 ug (0.8 mg/ml) in all Ce6 formulations was much
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lower than that used in other studies on photodynamic
immunotherapy (Xu et al,, 2017; Yang et al., 2017; Wang
et al., 2020). After three rounds of treatments (day 9th),
tumors and tumor-draining lymph nodes (TDLNs) were
excised for the estimation of the activation of immune
responses in vivo (Figure 5A). In TDLNs, mice that
received PDT with Ce6@THMSNs (38.30% + 2.76%,
35.80% + 4.45%) generated much higher rates of DC
maturation (CD11c¢® CD80*/CD11c* CD86") than those
that received PDT with Ce6@HMSNs (32.26% + 1.74%,
29.46% * 2.53%), free Ce6 (26.66% * 1.18%, 24.70% =
0.36%), NP
(Figure 5B; Supplementary Figure S4). Antigen-bearing

or injections without laser irradiation
DCs in TDLNs play essential roles in the activation of
CD8" cytotoxic T lymphocytes (CTLs) (e.g., CD8"CD107a*
T cells) and CD4" T helper lymphocytes to produce
antitumor immune responses. (Sabado and Bhardwaj,
2015; Giovanelli et al., 2019). Here, Ce6@THMSNs-based
PDT therapy elicited considerably higher levels of
CD8*CD107a* T lymphocytes (17.73% * 2.16%) and CD4"
T lymphocytes (23.48% + 1.94%) in tumors compared to the
other treatment approaches (Figure 5C; Supplementary
Figure S5), suggesting that Ce6@THMSNs-based PDT
effectively enhanced the proliferation of antigen-specific
T cells. Overall, after PDT treatment,
antigens from tumor cell debris

processed by DCs to initiate antitumor immune responses,

tumor-derived
were released and
during which Ce6@THMSNs acted as immunoadjuvants to
amplify immunoreactivity.
Having demonstrated obvious antitumor T cell
immunological responses mediated by Ce6@THMSNs + PDT
treatment, we examined their effects in inhibiting tumor growth
(Figure 5D). Tumor volumes were recorded every other day after
the first PDT treatment. On day 12th, we collected tumors and
photographed them (Figure 5E). As the tumor growth curves
showed (Figure 5F), rapid tumor growth was observed in the PBS
and PBS + laser groups. In parallel, mice treated with Ce6, Ce6@
HMSNs, or Ce6@THMSNs but without exposure to irradiation
displayed no efficient suppression of tumor growth. Nevertheless,
single PDT treatment had no significant suppressive impact on
tumors, as shown in the free Ce6 + laser group. Compared to the
PBS group, Ce6@HMSNs (**p < 0.001) and Ce6@THMSNs
(*™p < 0.001) with laser irradiation showed better inhibition
properties due to their superior PDT effect and PDT-induced
TAA production, alongside proper adjuvant, resulting in
enhanced therapeutic efficacy. Specially, Ce6@THMSNs +
laser treatment drastically suppressed tumor development
than Ce6@HMSNSs + laser group (*p < 0.05), demonstrating
the exceptional adjuvant efficacy of THMSNs. Additionally,
tumor photography captured the smallest tumor volumes in
the Ce6@THMSNs + laser group on day 12th, further
establishing the superior
THMSNs (Figure 5E).

antitumor property of Ce6@
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Histological analysis of antitumor efficacy
and the biocompatibility of chlorine

€6 loaded thin shell hollow mesoporous
silica nanoparticles

At the end of the above experiments (day 12th), hematoxylin
and eosin (H&E) and Ki67 were employed to evaluate the antitumor
efﬁcacy of the various treatment options. As shown in Figures 6A,B,
all groups with laser irradiation, except PBS + laser group, displayed
cellular damage. Enhanced tumor tissue necrosis was also noted in
the  Ce6@THMSNs  + group.
Ki67 immunohistochemistry (IHC) staining results registered the
lowest level of tumor cell proliferation in the Ce6@ THMSNSs + laser

laser Concurrently,

group, pointing to Ce6@THMSNs" enhancement of therapeutic
properties. Interestingly, in the absence of laser irradiation, Ce6@
THMSNS exhibited a decrease in cancer cell proliferation than other
groups under laser off conditions, further confirmed the enhanced
effect of THMSNs S6).
Furthermore, we probed the toxicity and systematic side effect of

adjuvant (Supplementary  Figure
Ce6@THMSNS in vivo. No notable tissue damage or inflammatory
cell infiltration was observed in major organs (heart, liver, spleen,
lung, and kidney) from all groups after treatment (Supplementary
Figure S7). Ce6@THMSN:Ss is, therefore, a promising nanoplatform
with no evident systemic toxicity in vivo.

Chlorine e6 loaded thin shell hollow
mesoporous silica nanoparticles-based
photodynamic therapy in vivo for
inhibiting distant tumors

Next, we explored the ability of Ce6@ THMSNs + PDT-
triggered antitumor immune response to inhibit distant
tumors untreated with PDT. The design of our dual tumor
model was shown in Figure 7A. 7 days after the inoculation of
5x10° 4T1 cells in the left flank (the primary tumor) of BALB/c
mice, we injected the same amount of 4T1 cells into the right
flank (the distant tumor) of the mice and partitioned them
randomly into 6 groups (n = 4): 1) PBS, 2) PBS + surgery, 3)
Ce6@THMSNS, 4) Ce6 + laser, 5) Ce6@HMSNSs + laser, and 6)
Ce6@THMSNSs + laser. In the following day, the primary tumors
of all the mice were subjected to the same parameters of the
various NPs mentioned above, and 6 h later, the primary tumors
from mice in groups 4, 5, and 6 were exposed to 655 nm laser
(0.3 W/cm?, 3 min), whereas, the distant tumors were monitored
without treatment. All the mice received three rounds of
treatment. On day 6th, the primary tumors in group 2 were
removed through surgery after intratumoral injections of PBS
(20 pl) for three rounds. Mice treated with Ce6 + laser or Ce6@
HMSNs + laser later harbored untreated, distant tumors on day
8th and 10th, while distant tumors in groups without PDT
treatment appeared as early as day 6 (Figure 7B). These
results demonstrated how essential PDT inhibited tumor
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growth through boosting antitumor immunity. Remarkably,
Ce6@THMSNSs + laser completely suppressed distant tumor
growth compared to other groups (Figures 7B-D). In contrast,
The Ce6 + laser group or Ce6@HMSNSs + laser group did not
effectively hinder the occurrence and growth of distant tumors,
highlighting the indispensable role of THMSNS in our system as
adjuvant to amplify immune response.

To appreciate the mechanism of antitumor efficacy induced
by Ce6@THMSNs-based PDT, we examined immune cells from
the TDLNs of distant tumors on day 14th (8 days after the final
PDT irradiation). Ce6@THMSNs-based PDT
prompted significant upregulation of CD80 (39.48% + 2.36%)
and CD86 (23.29% =+ 2.25%) among DCs in the TDLNs of distant
tumors compared to the other treatment groups (Figure 7E).

treatment

Meanwhile, we scrutinized subtypes of T lymphocytes for Ce6@
THMSN-based PDT’s ability to trigger effective cellular immune
response. For mice whose primary tumors were treated with
Ce6@THMSNSs + laser, the rates of CD8" CTLs and CD4" T cells
(13.88% * 0.85%, 45.34% + 7.49%) in the TDLNs of distant
tumors were more significant than Ce6@THMSNs group
(4.97% + 0.76%, 15.52% + 1.47%) (Figure 7F), indicating that
Ce6@THMSNs-based PDT activated cellular immunity and
enhanced CTL recruitment and infiltration into tumor
(Mitchell et al,, 2015; Seyfizadeh et al, 2016). Collectively,
these that Ce6@THMSNs-based PDT
induced TAA releases, DC maturation, and subsequently

results suggested

T cells activation, which can attack tumor instantly.

Conclusion

In this study, we demonstrated an immunogenic Ce6@ THMSNs
nanotherapeutic system with efficient PDT performances for cancer
immunotherapy. The Ce6@THMSNSs act as both an effective vehicle
for Ce6 and promising immunoadjuvant itself. Moreover,
incorporating of PEI can not only enhance cellular internalization,
promote endosome/lysosome escape to produce potent PDT efficacy,
but also upregulate the maturity of DC to trigger antitumor
immunity. Thus, Ce6@THMSNs-based PDT realized the synergy
between Ce6-induced PDT and THMSNs-mediated adjuvant effect,
strongly induced antitumor immune responses, thus enabling the
forceful elimination of primary tumors and tumor metastasis with
very small dose of Ce6. Therefore, we provided a powerful synergistic
strategy of Ce6@THMSNs-based PDT for cancer immunotherapy.
Their application provided a promising theoretical basis for future
clinical development of immunotherapy strategies.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1039154

Li et al.

Ethics statement

The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee, Huazhong
University of Science and Technology.

Author contributions

QrL and QqL. were responsible for the experimental
operations. QrL, HL, and LD were responsible for data
collection and analysis. QqL, HL, and YZ were responsible
for data processing and image generation. QrL, QqL, LY, and
JT were responsible for the experimental design and writing of
the manuscript. JZ, LY, and JT were responsible for the
funding application and the supervision and management
of the project. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (No. 82130089, No. 81974245) and
Natural Science Foundation of Hubei Province in China
(2021CFB608).

References

Akinc, A., Thomas, M., Klibanov, A. M., and Langer, R. (2005). Exploring
polyethylenimine-mediated DNA transfection and the proton sponge
hypothesis. J. Gene Med. 7, 657-663. doi:10.1002/jgm.696

Banchereau, J., Briere, F.,, Caux, C., Davoust, J., Lebecque, S., Liu, Y. J., et al.
(2000). Immunobiology of dendritic cells. Annu. Rev. Immunol. 18, 767-811.
doi:10.1146/annurev.immunol.18.1.767

Castano, A. P., Mroz, P., and Hamblin, M. R. (2006). Photodynamic therapy and
anti-tumour immunity. Nat. Rev. Cancer 6, 535-545. d0i:10.1038/nrc1894

Chen, Y. P,, Chen, C. T,, Hung, Y., Chou, C. M,, Liu, T. P,, Liang, M. R,, et al.
(2013). A new strategy for intracellular delivery of enzyme using mesoporous silica
nanoparticles: Superoxide dismutase. J. Am. Chem. Soc. 135, 1516-1523. doi:10.
1021/ja3105208

Fan, W., Huang, P., and Chen, X. (2016). Overcoming the Achilles’ heel of
photodynamic therapy. Chem. Soc. Rev. 45, 6488-6519. doi:10.1039/c6¢s00616g

Fan, W., Yung, B, Huang, P, and Chen, X. (2017). Nanotechnology for
multimodal synergistic cancer therapy. Chem. Rev. 117, 13566-13638. doi:10.
1021/acs.chemrev.7b00258

Firczuk, M., Nowis, D., and Gofab, J. (2011). PDT-induced inflammatory and
host responses. Photochem. Photobiol. Sci. 10, 653-663. doi:10.1039/c0pp00308e

Galon, J., and Bruni, D. (2019). Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat. Rev. Drug Discov. 18, 197-218.
doi:10.1038/s41573-018-0007-y

Gardner, A., and Ruffell, B. (2016). Dendritic cells and cancer immunity. Trends
Immunol. 37, 855-865. doi:10.1016/j.it.2016.09.006

Gettinger, S. N., Horn, L., Gandhi, L., Spigel, D. R., Antonia, S. J., Rizvi, N. A, et al.
(2015). Overall survival and long-term safety of nivolumab (Anti-Programmed death
1 antibody, BMS-936558, ONO-4538) in patients with previously treated advanced non-
small-cell lung cancer. J. Clin. Oncol. 33, 2004-2012. doi:10.1200/JCO.2014.58.3708

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2022.1039154

Acknowledgments

We thank the support from Prof. Ping Lei in the
Immunological Laboratory of Tongji Medical College, HUST
and all other researchers in our laboratory.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
1039154/full#supplementary-material

Giovanelli, P., Sandoval, T. A., and Cubillos-Ruiz, J. R. (2019). Dendritic cell
metabolism and function in tumors. Trends Immunol. 40, 699-718. doi:10.1016/j.it.
2019.06.004

Golubovskaya, V. (2017). CAR-T cell therapy: From the bench to the bedside.
Cancers (Basel) 9, 150. doi:10.3390/cancers9110150

Gubin, M. M., Zhang, X., Schuster, H., Caron, E., Ward, J. P., Noguchi, T., et al.
(2014). Checkpoint blockade cancer immunotherapy targets tumour-specific
mutant antigens. Nature 515, 577-581. doi:10.1038/nature13988

He, C., Duan, X., Guo, N., Chan, C., Poon, C., Weichselbaum, R. R., et al. (2016).
Core-shell nanoscale coordination polymers combine chemotherapy and
photodynamic  therapy to  potentiate  checkpoint  blockade  cancer
immunotherapy. Nat. Commun. 7, 12499. doi:10.1038/ncomms12499

Huang, P, Li, Z, Lin, J., Yang, D., Gao, G., Xu, C,, et al. (2011). Photosensitizer-
conjugated magnetic nanoparticles for in vivo simultaneous magnetofluorescent
imaging and targeting therapy. Biomaterials 32, 3447-3458. doi:10.1016/j.
biomaterials.2011.01.032

Irvine, D. J., Hanson, M. C., Rakhra, K., and Tokatlian, T. (2015). Synthetic
nanoparticles for vaccines and immunotherapy. Chem. Rev. 115, 11109-11146.
doi:10.1021/acs.chemrev.5b00109

Khalil, D. N., Smith, E. L., Brentjens, R. J., and Wolchok, J. D. (2016). The future
of cancer treatment: Immunomodulation, CARs and combination immunotherapy.
Nat. Rev. Clin. Oncol. 13, 273-290. doi:10.1038/nrclinonc.2016.25

Lim, W. A,, and June, C. H. (2017). The principles of engineering immune cells to
treat cancer. Cell 168, 724-740. doi:10.1016/j.cell.2017.01.016

Liu, Q., Zhou, Y., Li, M., Zhao, L., Ren, J., Li, D,, et al. (2019). Polyethylenimine
hybrid thin-shell hollow mesoporous silica nanoparticles as vaccine self-adjuvants
for cancer immunotherapy. ACS Appl. Mat. Interfaces 11, 47798-47809. doi:10.
1021/acsami.9b19446

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.1039154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1039154/full#supplementary-material
https://doi.org/10.1002/jgm.696
https://doi.org/10.1146/annurev.immunol.18.1.767
https://doi.org/10.1038/nrc1894
https://doi.org/10.1021/ja3105208
https://doi.org/10.1021/ja3105208
https://doi.org/10.1039/c6cs00616g
https://doi.org/10.1021/acs.chemrev.7b00258
https://doi.org/10.1021/acs.chemrev.7b00258
https://doi.org/10.1039/c0pp00308e
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1016/j.it.2016.09.006
https://doi.org/10.1200/JCO.2014.58.3708
https://doi.org/10.1016/j.it.2019.06.004
https://doi.org/10.1016/j.it.2019.06.004
https://doi.org/10.3390/cancers9110150
https://doi.org/10.1038/nature13988
https://doi.org/10.1038/ncomms12499
https://doi.org/10.1016/j.biomaterials.2011.01.032
https://doi.org/10.1016/j.biomaterials.2011.01.032
https://doi.org/10.1021/acs.chemrev.5b00109
https://doi.org/10.1038/nrclinonc.2016.25
https://doi.org/10.1016/j.cell.2017.01.016
https://doi.org/10.1021/acsami.9b19446
https://doi.org/10.1021/acsami.9b19446
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1039154

Li et al.

Liu, S. Y., Wei, W,, Yue, H,, Ni, D. Z, Yue, Z. G, Wang, S., et al. (2013).
Nanoparticles-based multi-adjuvant whole cell tumor vaccine for cancer
immunotherapy. Biomaterials 34, 8291-8300. doi:10.1016/j.biomaterials.2013.
07.020

Long, G. V., Atkinson, V., Lo, S., Sandhu, S., Guminski, A. D., Brown, M. P, et al.
(2018). Combination nivolumab and ipilimumab or nivolumab alone in melanoma
brain metastases: A multicentre randomised phase 2 study. Lancet Oncol. 19,
672-681. doi:10.1016/S1470-2045(18)30139-6

Maude, S. L., Frey, N., Shaw, P. A, Aplenc, R,, Barrett, D. M., Bunin, N. ], et al.
(2014). Chimeric antigen receptor T cells for sustained remissions in leukemia. N.
Engl. J. Med. 371, 1507-1517. doi:10.1056/NEJMoa1407222

Merdan, T., Kunath, K., Fischer, D., Kopecek, J., and Kissel, T. (2002).
Intracellular processing of poly (ethylene imine)/ribozyme complexes can be
observed in living cells by using confocal laser scanning microscopy and
inhibitor experiments. Pharm. Res. 19, 140-146. doi:10.1023/a:
1014212630566

Mitchell, D. A, Batich, K. A., Gunn, M. D, Huang, M. N, Sanchez-Perez, L.,
Nair, S. K., et al. (2015). Tetanus toxoid and CCL3 improve dendritic cell
vaccines in mice and glioblastoma patients. Nature 519, 366-369. doi:10.1038/
naturel4320

Postow, M. A., Sidlow, R., and Hellmann, M. D. (2018). Immune-related adverse
events associated with immune checkpoint blockade. N. Engl. J. Med. 378, 158-168.
doi:10.1056/NEJMral703481

Robert, C., Schachter, J., Long, G. V., Arance, A., Grob, J. J., Mortier, L., et al.
(2015). Pembrolizumab versus ipilimumab in advanced melanoma. N. Engl. J. Med.
372, 2521-2532. doi:10.1056/NEJMo0al503093

Sabado, R. L., and Bhardwaj, N. (2015). Cancer immunotherapy: Dendritic-cell
vaccines on the move. Nature 519, 300-301. doi:10.1038/nature14211

Seyfizadeh, N., Muthuswamy, R., Mitchell, D. A., Nierkens, S., and Seyfizadeh, N.
(2016). Migration of dendritic cells to the lymph nodes and its enhancement to
drive anti-tumor responses. Crit. Rev. Oncol. Hematol. 107, 100-110. doi:10.1016/j.
critrevonc.2016.09.002

Shen, C,, Li, ]., Zhang, Y., Li, Y., Shen, G., Zhu, ], et al. (2017). Polyethylenimine-
based micro/nanoparticles as vaccine adjuvants. Int. J. Nanomedicine 12,
5443-5460. doi:10.2147/1JN.S137980

Frontiers in Bioengineering and Biotechnology

15

10.3389/fbioe.2022.1039154

Tian, B, Wang, C., Zhang, S., Feng, L., and Liu, Z. (2011). Photothermally
enhanced photodynamic therapy delivered by nano-graphene oxide. ACS Nano 5,
7000-7009. doi:10.1021/nn201560b

Vankayala, R, and Hwang, K. C. (2018). Near-infrared-light-activatable
nanomaterial-mediated phototheranostic nanomedicines: An emerging paradigm
for cancer treatment. Adv. Mat. 30, e1706320. doi:10.1002/adma.201706320

Wang, H., Wang, K, He, L., Liu, Y., Dong, H., and Li, Y. (2020). Engineering
antigen as photosensitiser nanocarrier to facilitate ROS triggered immune cascade
for photodynamic immunotherapy. Biomaterials 244, 119964. doi:10.1016/j.
biomaterials.2020.119964

Wang, K., Wen, S, He, L., Li, A, Li, Y., Dong, H,, et al. (2018). Minimalist"
nanovaccine constituted from near whole antigen for cancer immunotherapy. ACS
Nano 12, 6398-6409. doi:10.1021/acsnano.8b00558

Wang, S., Yang, Y., Wu, H,, Li, J., Xie, P, Xu, F., et al. (2022). Thermosensitive and
tum or microenvironment activated nanotheranostics for the chemodynamic/
photothermal therapy of colorectal tumor. J. Colloid Interface Sci. 612, 223-234.
doi:10.1016/j.jcis.2021.12.126

Xie, J., Yang, C,, Liu, Q. Li, J., Liang, R, Shen, C,, et al. (2017). Encapsulation of
hydrophilic and hydrophobic peptides into hollow mesoporous silica nanoparticles
for enhancement of antitumor immune response. Small 13, 1701741. doi:10.1002/
smll.201701741

Xu, J., Xu, L., Wang, C,, Yang, R, Zhuang, Q., Han, X, et al. (2017). Near-
infrared-triggered photodynamic therapy with multitasking upconversion
nanoparticles in combination with checkpoint blockade for immunotherapy of
colorectal cancer. ACS Nano 11, 4463-4474. doi:10.1021/acsnano.7b00715

Yang, G, Xu, L,, Chao, Y., Xu, ], Sun, X., Wu, Y., et al. (2017). Hollow MnO(2) as
a  tumor-microenvironment-responsive  biodegradable  nano-platform  for
combination therapy favoring antitumor immune responses. Nat. Commun. 8,
902. doi:10.1038/s41467-017-01050-0

Yi, F,, Frazzette, N., Cruz, A. C,, Klebanoff, C. A., and Siegel, R. M. (2018). Beyond
cell death: New functions for TNF family cytokines in autoimmunity and tumor
immunotherapy. Trends Mol. Med. 24, 642-653. doi:10.1016/j.molmed.2018.05.004

Zhou, Z., Song, J., Nie, L., and Chen, X. (2016). Reactive oxygen species generating
systems meeting challenges of photodynamic cancer therapy. Chem. Soc. Rev. 45,
6597-6626. d0i:10.1039/c6¢s00271d

frontiersin.org


https://doi.org/10.1016/j.biomaterials.2013.07.020
https://doi.org/10.1016/j.biomaterials.2013.07.020
https://doi.org/10.1016/S1470-2045(18)30139-6
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1023/a:1014212630566
https://doi.org/10.1023/a:1014212630566
https://doi.org/10.1038/nature14320
https://doi.org/10.1038/nature14320
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1038/nature14211
https://doi.org/10.1016/j.critrevonc.2016.09.002
https://doi.org/10.1016/j.critrevonc.2016.09.002
https://doi.org/10.2147/IJN.S137980
https://doi.org/10.1021/nn201560b
https://doi.org/10.1002/adma.201706320
https://doi.org/10.1016/j.biomaterials.2020.119964
https://doi.org/10.1016/j.biomaterials.2020.119964
https://doi.org/10.1021/acsnano.8b00558
https://doi.org/10.1016/j.jcis.2021.12.126
https://doi.org/10.1002/smll.201701741
https://doi.org/10.1002/smll.201701741
https://doi.org/10.1021/acsnano.7b00715
https://doi.org/10.1038/s41467-017-01050-0
https://doi.org/10.1016/j.molmed.2018.05.004
https://doi.org/10.1039/c6cs00271d
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1039154

	Modified hollow mesoporous silica nanoparticles as immune adjuvant-nanocarriers for photodynamically enhanced cancer immuno ...
	Introduction
	Experimental section
	Synthesis of thin shell hollow mesoporous silica nanoparticles
	Preparation of chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles
	Measurement of singlet oxygen
	Cellular uptake and intracellular distribution
	In vitro photodynamic toxicity and dark toxicity
	In vitro dendritic cell stimulation experiments
	Animal model
	In vivo therapeutic efficacy of chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles-based photodynamic therapy
	In vivo therapeutic efficacy of chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles-based photodynamic the ...
	Statistical analysis

	Results and discussion
	Generation and characteristics of chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles
	The generation of singlet oxygen
	In vitro cell internalization and the photodynamic therapy effect of chlorine e6 loaded thin shell hollow mesoporous silica ...
	Chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles-induced in vitro dendritic cell maturation
	Chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles-based photodynamic therapy in vivo triggered immune re ...
	Histological analysis of antitumor efficacy and the biocompatibility of chlorine e6 loaded thin shell hollow mesoporous sil ...
	Chlorine e6 loaded thin shell hollow mesoporous silica nanoparticles-based photodynamic therapy in vivo for inhibiting dist ...

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


