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KEY WORDS Abstract Nucleic acid drugs are highly applicable for cancer immunotherapy with promising therapeu-
tic effects, while targeting delivery of these drugs to disease lesions remains challenging. Cationic
polymeric nanoparticles have paved the way for efficient delivery of nucleic acid drugs, and achieved
T o A — stimuli-responsive disassembly in tumor microenvironment (TME). However, TME is highly heteroge-
Polyinosinic-polycytidylic neous between individuals, and most nanocarriers lack active-control over the release of loaded nucleic

acid; acid drugs, which will definitely reduce the therapeutic efficacy. Herein, we have developed a light-
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controllable charge-reversal nanoparticle (LCCN) with controlled release of polyinosinic-polycytidylic
acid [Poly(I:C)] to treat triple negative breast cancer (TNBC) by enhanced photodynamic immuno-
therapy. The nanoparticles keep suitably positive charge for stable loading of Poly(I:C), while rapidly
reverse to negative charge after near-infrared light irradiation to release Poly(I:C). LCCN-Poly(I:C) na-
noparticles trigger effective phototoxicity and immunogenic cell death on 4T1 tumor cells, elevate anti-
tumor immune responses and inhibit the growth of primary and abscopal 4T1 tumors in mice. The
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approach provides a promising strategy for controlled release of various nucleic acid-based immune mod-
ulators, which may enhance the efficacy of photodynamic immunotherapy against TNBC

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

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

1. Introduction

Triple negative breast cancer (TNBC) is one of the most aggressive
subtypes of breast cancer with highly invasive and metastatic
properties”>. Chemotherapy is the major clinically available
approach for treating TNBC'*. However, it fails to benefit a large
proportion of patients with TNBC due to nonspecific drug distri-
bution off tumors and severe adverse effects™”. In past decades,
cancer immunotherapy has made great progress in treating
advanced TNBC tumors’ . Prolonged progression-free survival in
patients with advanced breast cancer has been achieved by using
pembrolizumab plus chemotherapy’. Despite promising, low
immunogenicity and immunosuppressive tumor microenvironment
(TME) remain major obstacles for most immunotherapies when
treating TNBC'™''. Therefore, effective approaches that improve
tumor immunogenicity as well as reverse immunosuppressive fac-
tors are highly desirable for enhanced immunotherapy of TNBC.
A diversity of nanoparticles has been reported to trigger the
immunogenicity of tumors with improved therapeutic efficacy'”.
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Scheme 1

The nanoparticles are designed with intelligent moieties to change
their shape, size and surface characteristics according to inner or
external stimuli for precisely controlled drug delivery. Among
them, charge-reversal nanoparticles are widely used to avoid
clearance by the reticuloendothelial system, enhance tumor-
specific accumulation, penetration and cellular uptake'* '°. For
example, an acidity-responsive cisplatin-loaded nanocarrier was
fabricated to treat cisplatin-resistant tumor with ultrafast charge
conversion property'>. A polymeric prodrug micelle with charge-
reversal and self-amplifiable drug release properties was con-
structed to overcome multidrug resistance. The {-potential of the
micelle changed from negative to positive to improve cellular
entry in acidic TME'®. Although promising, these negative to
positive charge-reversal nanoparticles are not suitable for effective
and stable loading of negatively charged nucleic acid drugs.
Nucleic acid drugs show great potential to improve tumor
immunogenicity in  cancer immunotherapy'®,  including
polyinosinic-polycytidylic acid [Poly(I:C)]'", CpG oligodeox-
ynucleotides'®, 2',3-cGAMP'®, messenger RNA vaccines®” and
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Schematic illustration of the LCCN and its mechanisms for enhanced photodynamic immunotherapy against TNBC. (A) Design of

LCCN-Poly(I:C). Briefly, FK-PBA, PVA and PEI-Ce6 are self-assembled into nanoparticles and then load Poly(I:C) via electrostatic interactions.
The release of Poly(I:C) is actively controlled by NIR light via a charge-reversal process. LCCN-triggered ROS promote the cleavage of phe-
nylboronic ester between PBA and PVA, and then lead to the variation of surface charge. The nanoparticles are totally disassembled in reduction
microenvironment owing to the break of disulfide bond in FK-PBA. (B) The nanoparticles distribute into tumors after intravenous injection.
Poly(I:C) is released from the nanoparticles once irradiated by 655 nm NIR light. When combined with PDT-induced ICD, the nanoparticles

efficiently prime antitumor immune responses and inhibit the growth of 4T1 tumors in mice.
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small interfering RNA (siRNA) that targeting immune path-
ways”'**%. Generally, cationic polymers are used to condense the
nucleic acid drugs into nanoparticles via electrostatic interactions.
Cationic polymer/nucleic acid complexes enable stable loading
and efficient internalization into tumor cells, while prevent
dissociation in cytoplasm®*~*°, The complexes hamper the release
of nucleic acid drugs, resulting in deactivation, degradation and
decreased efficacy®®. It remains a challenge to develop new
cationic nanocarriers for delivering nucleic acid-based immune
modulators with efficient drug release property.

Herein, we designed a near-infrared (NIR) light-controllable
charge-reversal nanoparticle (LCCN) to co-deliver toll-like receptor
3 (TLR3) agonist Poly(I:C) and photosensitizer chlorin e¢6 (Ce6) for
enhancing photodynamic immunotherapy of TNBC. The nano-
particles are self-assembled by using 9-fluorenyl methoxycarbonyl
(Fmoc)-KCRGDK-phenylboronic  acid (FK-PBA), polyvinyl
alcohol (PVA) and cationic polyethylenimine-derived Ce6 (PEI-
Ce6), which enable effective loading of anionic Poly(I:C) (Scheme
1A). LCCN trigger reactive oxygen species (ROS) generation with
NIR light irradiation and sequentially induce the cleavage of phe-
nylboronic ester groups between FK-PBA and PVA”’. The presence
of anionic boron and oxygen anion post NIR light will lead to a
positive to negative charge-reversal of LCCN and release Poly(I:C).
Moreover, disassembly of LCCN can be further promoted in
reduction microenvironment due to breakage of disulfide linkage in
FK-PBA. LCCN will distribute into tumors, activate dendritic cells
(DCs), induce immunogenic cell death (ICD) of tumor cells, boost
antitumor immunity and inhibit the growth of TNBC tumors
(Scheme 1B). The charge-reversal nanoparticles provide a prom-
ising controlled-release strategy to deliver nucleic acid-based im-
mune modulators, which may enhance photodynamic cancer
immunotherapy of TNBC.

2. Materials and methods

2.1. Materials

Fmoc-KCRGDK peptide (FK) was purchased from Bankpeptide
Biological Technology Co., Ltd. (Hefei, China). Ce6, mercapto-
phenylboronic acid, 2,2"-dipyridyl disulfide, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide = hydrochloride ~ (EDCI),
hydroxybenzotriazole (HOBT) and lipopolysaccharide were ob-
tained from J&K Chemicals (Beijing, China). Annexin V-FITC/
propidium iodide (PI) apoptosis detection kit was obtained from
Meilunbio. Co., Ltd. (Dalian, China). Polyethyleneimine
(MW = 800 Da) and 2',7'-dichlorfluorescein-diacetate (DCFH-
DA) were gained from Sigma—Aldrich (Shanghai, China). PVA
polymer (MW = 47/67/125 kDa) was purchased from Aladdin
Co., Ltd. (Shanghai, China). Mice peripheral lymphocyte sepa-
ration buffer and red blood cell lysis buffer were obtained from
Dakewe Biotech Co., Ltd. (Shenzhen, China). Poly(I:C) was
purchased from InvivoGen Co., Ltd. (Hong Kong, China). CD3e-
PerCP-Cy5.5 (clone 145-2C11), CD8a-FITC (clone 53—6.7),
CD8a-PE (clone 53—6.7) and CD86-PE (clone GL1) antibodies
were purchased from Thermo Fisher scientific Co., Ltd.
(Shanghai, China). CD4-FITC (clone H129.19), CD11c-FITC
(clone N418), CD80-PE (clone 16-10A1), CD86-PE-Cy7 (clone
GL1), FoxP3-PE (clone MF23) and IFN-v-FITC (clone XMG1.2)
were obtained from BD Pharmingen Co., Ltd. (San Jose, USA).
Other chemicals and reagents with analytical grade were

purchased from Sinopharm Group Chemical Reagent Co., Ltd.
(Beijing, China).

2.2.  Cell lines and animals

4T1 murine breast tumor cell was obtained from the cell bank of
the Chinese Academy of Sciences (Shanghai, China). The cells
were cultured in complete RPMI 1640 cell culture medium
containing 10% fetal bovine serum (FBS), 2.5 g/L of glucose,
0.11 g/L of sodium pyruvate, 100 U/mL of penicillin G sodium
and 100 pg/mL of streptomycin sulfate. The cells were incubated
at 37 °C with 5.0% CO, atmosphere. Four-week-old BALB/c mice
(18—20 g, female) were obtained from the Shanghai Experimental
Animal Center (Shanghai, China). Animal procedures were car-
ried out under the guidelines approved by the Institutional Animal
Care and Use Committee (IACUC) of the Shanghai Institute of
Material Medica, Chinese Academy of Sciences.

2.3.  Synthesis of FK-PBA and PEI-Ce6

To synthesize FK-PBA, 200 mg of mercaptophenylboronic acid
and 342 mg of 2,2'-dipyridyl disulfide were reacted in methanol
for 2 h, and then precipitated in n-hexane to obtain 4-(dipyridyl
disulfide)-PBA. Then, 50 mg of the product was reacted with
200 mg of FK in methanol at 50 °C for 12 h. The FK-PBA was
purified in diethyl ether and vacuum-dried for use. For PEI-Ce6
synthesis, 1.6 g of PEI, 200 mg of Ce6, 287 mg of EDCI and
203 mg of HOBT were dissolved in 20 mL of anhydrous dimethyl
sulfoxide (DMSO) and reacted for 24 h in dark. Then, the product
was dialyzed against DMSO and water sequentially, and lyophi-
lized for further use.

2.4.  Preparation and characterization of LCCN

To optimize the formulation of LCCN, FK-PBA was firstly incu-
bated with PVA (MW = 47 kDa) at weight ratio of 3:1, 5:1 and
15:1. Then the product was co-precipitated with PEI-Ce6 under
vortex and examined by DLS. Besides, FK-PBA was incubated
with PVA of various molecular weight (47/67/125 kDa) at weight
ratio of 15:1, and the diameter of LCCN was examined by DLS. In
detail, FK-PBA was dissolved in DMF at a concentration of
10 mg/mL. PVA (MW = 67 kDa) was then added at a final
concentration of 0.67 mg/mL. The mixture was stirred at room
temperature for 1 h and then co-precipitated with 1.5 mg/mL of
PEI-Ce6 at a FK-PBA to PEI-Ce6 weight ratio of 1:1 under vor-
tex. Excess PEI-Ce6 and DMF was removed by using centrifugal
filtration (molecular weight cut-off, 100 kDa, Millipore). The
diameter and PDI of LCCN was characterized by DLS. The
morphology of these formulations was obtained by TEM. To
evaluate ROS/reduction-responsive property of LCCN, the nano-
particles were treated by 655 nm NIR light at power density of
300 mW/cm? for 5 min, and sequentially treated with 1 mmol/L of
GSH for 10 min. The suspensions with NIR light or GSH treat-
ments were investigated by DLS and TEM examination.

2.5.  Light-controllable charge-reversal property of LCCN-
Poly(I:C)

Poly(I:C) was loaded into LCCN via electrostatic interactions be-
tween the cationic PEI-Ce6 and anionic Poly(I:C). Briefly, Poly(I:C)
solution was added into the LCCN suspensions at various weight
ratio and gently shaken at 37 °C for 20 min. The diameter and {-
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potential of LCCN-Poly(I:C) were characterized by DLS. In the
meanwhile, the LCCN-Poly(I:C) nanoparticles prepared at various
weight ratio was irradiated by 655 nm NIR light at a power density
of 300 mW/cm? for 5 min. The diameter and ¢-potential of NIR
light-treated suspensions were also evaluated. In order to verify
whether the charge-reversal of LCCN controlled by NIR light
would facilitate the release of Poly(I:C), agarose gel electrophoresis
was constructed. LCCN-Poly(I:C) nanoparticles with or without
NIR light treated were loaded in sample hole. The agarose gel
electrophoresis was performed at a voltage of 80 V for 30 min and
examined by a Bio-Rad MP Imaging System.

2.6. Intracellular uptake and phototoxicity of LCCN in vitro

To determine cellular uptake of LCCN, 4T1 tumor cells were
seeded at 5 x 10 cells per well in 24-well cell culture plate for
24 h. The cells were incubated with LCCN for 0.5, 1,2,4 and 6 h
at an identical Ce6 concentration of 2.0 pg/mL. After that, the
cells were washed twice and treated by 0.4% w/w of trypan blue to
quench extracellular fluorescence and examined by using flow
cytometry. To evaluate the phototoxicity of LCCN in tumor cells,
the 4T1 cells were seeded at 5 x 10 cells per well in 96-well cell
culture plates for 24 h. Then, the cells were incubated with
increased concentration of LCCN for 6 h and irradiated by 655 nm
NIR light for 1 min at various power densities. After continuous
incubation for 24 h, the viability of 4T1 cells was detected by
using a CCK-8 assay kit. The cytotoxicity of FK-PBA, PEI-Ce6
and LCCN without NIR light was evaluated by using the same
method. To determine the apoptosis/necrosis induced by LCCN-
mediated PDT in vitro, 4T1 cells were seeded and co-incubated
with LCCN at a final Ce6 concentration of 0.5 pg/mL. The cells
were irradiated by NIR light for 1 min at a series of power den-
sities at 6 h. The apoptosis/necrosis of 4T1 cells was detected by
using a Annexin V-FITC/PI apoptosis detection kit at 24 h.

2.7.  Immunogenic cell death of tumor cells

To evaluate ROS generation in vitro, 4T1 cells were seeded on
glass dishes at 3 x 10* cells per well for 24 h. The cells were
treated by LCCN at an identical 2.0 ng/mL of Ce6. Six hours later,
the cells were treated with 10 pmol/L of DCFH-DA for 10 min
and irradiated by NIR light at a power density of 300 mW/cm? for
5 min. After that, the cells were fixed in 4.0% w/w para-
formaldehyde, stained by DAPI and examined by CLSM.

The surface exposure of CRT and cytosol release of HMGB1
was detected by immunofluorescence staining. 4T1 cells were
treated with LCCN at an identical Ce6 concentration of 2.0 pg/mL
for 6 h and irradiated by NIR light at various power densities. Six
hours later, the cells were washed twice by cold PBS, pre-blocked
by 5.0% FBS and stained with anti-CRT antibody. For HMGB1
staining, the cells and nucleus were permeabilized with 0.3% Triton
X-100 for 2 h and then incubated with anti-HMGBI1 antibody. The
samples were stained with a FITC-conjugated secondary antibody
and DAPI for 30 min, and imaged by CLSM examination.
Commercially available ATP assay kit was used to determine
extracellular secretion of ATP. 4T1 cells were seeded in the 24-well
plate at 3 x 10* cells per well for 24 h. The cells were treated with
LCCN at Ceb6 concentration of 0.25 or 2 pg/mL for 6 h and irra-
diated by 655 nm laser for 1 min. After incubating for another 12 h,
the supernatant of cell culture medium was collected and ATP assay
kit was used to determine extracellular secretion of ATP according
to manufacturer’s instructions.

2.8.  Biodistribution of the LCCN-Poly(I1:C)

4T1 tumor-bearing BALB/c mice were used to investigate the bio-
distribution of the formulation in vivo. 4T1 cells were injected at the
right mammary of mice to estabilish the tumor models. Briefly, the
mice were treated with 100 pLL of LCCN or LCCN-Poly(I:C) at equal
Ce6 concentration of 1.0 mg/kg by intravenous injection. The LCCN-
Poly(I:C) were prepared at Poly(I:C) to LCCN weight ratio of 1:6. At
predetermined time points, the mice were examined by IVIS (Ex/Em:
640 nm/680 nm). Meanwhile, the mice were sacrificed at 12 and 24 h,
respectively. The distribution of nanoparticles in all major organs
(heart, lung, liver, spleen, and kidney) and tumors was also examined.
In order to evaluate the capacity of LCCN to deliver Poly(I:C) to
tumor, 5-FAM labelled negative control nucleotides (NC) was used to
prepare LCCN-NC. 4T1 tumor-bearing mice were treated with free
NC or LCCN-NC at an equal NC dose of 2.0 mg/kg by intravenous
injection. The mice were sacrificed at 4 h and the tumors were har-
vested, followed by frozen section and CLSM imaging.

2.9.  Immunoassay

4T1 tumor-bearing mice at the right mammary were used to examine
the immune responses induced by LCCN-Poly(I:C). Firstly, mice
were intravenously injected with the desired formulations at an
equal Ce6 of 2.5 mg/kg or Poly(I:C) dose of 2.4 mg/kg respec-
tively, and treated with NIR light at 300 mW/cm? for 5 min in
desired groups 4 h after injection. On Day 7, the tumors were
harvested. Tumors were incised into small pieces and immersed in
solution containing 30 U/mL DNase, 100 U/mL hyaluronidase and
175 U/mL collagenase IV. The mixture was incubated at 37 °C for
30 min, filtered through a 75 pm filter and enriched by using
lymphocyte separation medium. Finally, lymphocytes separated
from tumors were stained with antibodies according to the manu-
facturer’s protocols and analyzed by flow cytometry.

2.10.  Tumor models and antitumor treatments

4T1 murine breast cancer models were used to investigate the
antitumor effect of LCCN-Poly(I:C). Briefly, 1 x 10° 4T1 tumor
cells were subcutaneously injected in the right mammary gland of
4-week-old female BALB/c mice. When tumor volume reached
100 mm?, the mice were randomly divided into five groups: PBS,
Poly(I:C), LCCN, LCCN + Laser and LCCN-Poly(I:C) + Laser
group. The mice were intravenously injected with desired for-
mulations at equal Ce6 dose of 2.5 mg/kg or Poly(I:C) dose of
2.4 mg/kg, respectively. Four hours later, the tumors were treated
with NIR light at a power density of 300 mW/cm? for 5 min in
desired groups. The treatments were repeated on Day 7. On Day
10, 5 x 10° 4T1 tumor cells were injected into the left flank of
each mouse to establish the abscopal tumor model. The growth of
primary and abscopal tumors and body weight of mice were
recorded every 2 days. The tumor volume was calculated ac-
cording to the following Eq. (1):

Volume = Longest dimension x Shortest dimension

x Shortest dimension /2 (1)

The death point was set as the primary tumor volume reached
2000 mm? or pathological behaviors appeared in mice. At the end
of antitumor study, all major organs (i.e., heart, liver, spleen, lung
and kidney) and tumors were harvested and fixed in 4.0% formalin
solution. The organs were then dehydrated and examined by H&E
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staining, while tumors were sliced for H&E, TUNEL, immuno- polydispersity index (PDI) of the LCCN was high at mole ratios of

fluorescence and immunohistochemistry staining assay. 1:5 and 1:3, while the size and PDI of LCCN were sharply
o ) decreased to 198.7 + 2.6 nm and 0.177 at a mole ratio of 1:1
2.11.  Statistical analysis (Fig. 1A). Next, we tested the impacts of PVA molecular weight

on particle size. The diameter of LCCN could be further com-
Data are given as the mean =+ standard deviation (SD). The sta- pressed by using PVA with higher molecular weight, approxi-
tistical significance was displayed by one-way ANOVA with  mately 113.4 + 2.7 nm with 67 kDa and 103.7 = 1.8 nm with
Tukey’s post hoc test and two-sided unpaired Student’s r-test. 125 kDa (Fig. 1B). The loading ratio of Ce6 in these nanoparticles
Comparisons of survival rates were calculated by the log-rank was 17.6 + 0.3% and 144 + 0.2%, respectively (Supporting

(Mantel—Cox) test. Statistical significance was set as follows: Information Fig. S3). All formulations were examined by trans-
*P < 0.05, ##P < 0.01, ¥**#P < 0.001. mission electron microscopy (TEM) (Fig. 1C). FK-PBA alone
could not form uniform nanoparticles as abundant nanofibers were
3. Results and discussion observed in view, which was consistent with our previous work>®.
All groups integrated with PVA formed spherical nanoparticles
3.1.  Preparation and characterization of LCCN and superior uniformity was achieved by using PVA at 67 or

125 kDa. Thus, we used PVA polymers at 67 kDa to prepare the
The FK-PBA and PEI-Ce6 was synthesized according to our LCCN in following studies.

previous work®®. Briefly, 4-mercaptophenylboronic acid was Next, we investigated the light-controllable disassemble ca-
conjugated to the cysteine residue of Fmoc-KCRGDK peptides pacity of LCCN by dynamic light scattering (DLS) and TEM
via a disulfide linkage to get FK-PBA (Supporting Information examination. Nanoparticles could be observed in TEM images
Fig. S1). PEI-Ce6 was obtained via an amide condensation reac- of LCCN post NIR light treatment, while polymeric aggre-
tion between the amino groups of PEI and carboxyl groups of Ce6 gates appeared in the same field of view. The polymeric

(Supporting Information Fig. S2). To prepare the LCCN, FK-PBA aggregates around the nanoparticles could be the stripped
was first react with PVA polymers (MW = 47 kDa) at various PVA polymers due to ROS-induced cleavage of phenylboronic
mole ratios, and then precipitated with PEI-Ce6 under vortex. ester bonds between FK-PBA and PVA. The nanoparticles
Covalent bonds formed between PBA and diols of PVA facilitated were disappeared after sequential addition of 1 mM gluta-
the formation and the stability of LCCN?’. Tt was found that the thione (GSH), which could due to the breakage of disulfide
mole ratio between FK-PBA and diols of PVA molecules signif- linkage in FK-PBA (Fig. 1D). Consistently, a decrease of
icantly affected the formation of LCCN. Both the size and ~20 nm in LCCN diameter was detected after irradiated by
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Figure 1  Preparation and characterization of LCCN and LCCN-Poly(I:C). (A) Diameter and PDI of LCCN as a fucntion of FK-PBA to diols in
PVA mole ratio. (B) Diameter and PDI of LCCN when fabricated by using 47, 67 and 125 kDa of PVA. (C) TEM images of LCCN fabricated by
using 47, 67 and 125 kDa of PVA. Scale bar = 500 nm. (D) TEM images of LCCN with NIR light irradiation (left) and GSH (right) treated. Scale
bar = 500 nm. (E) DLS examination of LCCN with NIR light irradiation (left) and GSH (right) treated. (F) {-potential variation of LCCN-
Poly(I:C) at different Poly(I:C) to LCCN weight ratios. (G) {-potential variation of LCCN-Poly(I:C) nanoparticles after NIR light irradiation
at a power density of 300 mW/cm? for 5 min. (H) Agarose gel electrophoresis of LCCN-Poly(I:C) without NIR light treatment. (I) Agarose gel
electrophoresis of LCCN-Poly(I:C) post NIR light treatment. Data are presented as mean = SD (n = 3).
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655 nm laser at a power density of 300 mW/cm? for 5 min,
while the diameter was drastically enlarged after treated by
GSH (Fig. 1E). In the presence of ROS and GSH, both the
phenylboronic ester and disulfide linkage were -cleaved,
resulting in the disassembly of LCCN and release of
Poly(I:C), PEI-Ce6, PVA as well as Fmoc-KCRGDK peptides.
The m—m stack interaction between Fmoc groups in peptides
might promote the assemble of Fmoc-KCRGDK into nano-
fibers, which has been observed in our previous study”’.
Since the release of Fmoc-KCRGDK was triggered after laser
irradiation, it would not influence the efficacy of Poly(I:C)
and Ce6-based PDT effects. To investigate the light-
controllable charge-reversal feature of LCCN for effectively
controlled release of nucleic acid drugs, we loaded anionic
TLR3 agonist Poly(I:C) onto the cationic LCCN at various
weight ratios. The diameter of LCCN was not affected by the
loading of Poly(I:C) (Supporting Information Fig. S4). With
the increased Poly(I:C) to LCCN ratio, the {-potential of
LCCN-Poly(I:C) showed a decrease manner due to the
increased negative charge intensity of Poly(I:C) (Fig. IF).
The {-potential of LCCN-Poly(I:C) was 11.1 £+ 0.7 mV at
Poly(I:C) to LCCN ratio of 1:6. Interestingly, the {-potential
of LCCN-Poly(I:C) was drastically reversed from positive to
negative at Poly(I:C) to LCCN ratios < 1:2 after NIR light
treatment (Fig. 1G), showing a light-controllable charge-
reversal property. Gel shift assay of the LCCN-Poly(I:C)
nanoparticles performed a consistent manner with the {-po-
tential variation. The LCCN failed to load all Poly(I:C)
molecules at Poly(I:C) to LCCN ratios > 1:2 as shift bands
of Poly(I:C) was observed. No electrostatic shift band was
observed at ratios <1:2 without NIR light (Fig. 1H). Oppo-
sitely, obvious shift bands were performed at ratios <1:2 after
irradiated by NIR light at 300 mW/cm? for 5 min (Fig. 1I),
indicating the charge-reversal of LCCN promoted the release
of Poly(I:C). With Poly(I:C) to LCCN ratio at 1:6, striking
contrast was observed between groups with or without NIR
light irradiation (Supporting Information Fig. S5A). The
release of Poly(I:C) in LCCN-Poly(I:C) nanoparticles was
barely influenced by incubating with 1.0% of fetal bovine
serum (FBS) for 24 h (Fig. S5B). The diameter of LCCN-
Poly(I:C) nanoparticles was slightly increased after incu-
bating with 1.0% of FBS for 2 h, potentially due to the
adsorption of certain proteins onto the surface of nano-
particles (Fig. S5C). To verify the universality of this light-
controllable charge-reversal behavior for effective release of
other kinds of nucleotides, we performed {-potential exami-
nation and gel shift assay on LCCN-siRNA nanoparticles as
well. Similar outcomes were obtained and more obvious shift
bands were displayed with NIR light irradiation due to much
uniform molecular weight of the siRNA than Poly(I:C)
(Supporting Information Fig. S6). Above results indicated that
the LCCN were feasible to trigger effective release of nucleic
acid-based immune modulators with a light-controllable
charge-reversal manner.

3.2.  Phototoxicity and immunogenic cell death of 4T1 tumor
cells in vitro

Given the effective loading of Ce6 in LCCN, we evaluated the
phototoxicity of the nanoparticles on 4T1 tumor cells in vitro. The
cellular internalization of LCCN showed a time dependent manner

(Fig. 2A, Supporting Information Fig. S7). LCCN induced ~10%
decrease of cell viability at 11.4 ng/mL (equal to 2.0 pg/mL of Ce6)
after 24 h incubation, which could attribute to the cytotoxicity of PEI-
Ce6 in LCCN (Supporting Information Fig. S8). The phototoxicity of
LCCN relied on the concentration of Ce6 and power density of NIR
light, as significant cytotoxicity was found even with 0.5 pg/mL of Ce6
and 200 mW/cm? of NIR light (Fig. 2B). After NIR light treated, bright
fluorescent ROS signals was detected by using ROS probe 2,7-
dichlorofluorescein diacetate (DCFH-DA), but little ROS was gener-
ated in cells without NIR light irradiation (Fig. 2C). The LCCN-based
photodynamic effects induced tremendous necrosis of 4T'1 tumor cells
at power density over 200 mW/cm? as examined by Annexin V/PI
staining (Fig. 2D). Accordingly, ~90% of tumor cells were necrotic
after treated by 300 and 400 mW/cm? of laser. PDT was considered as a
feasible strategy to generate immunogenic cell death (ICD). PDT-
triggered immunotherapy with immune checkpoint blockade has
offered a potential appealing paradigm to eradicate tumors®”. ICD was
featured by surface exposure of calreticulin (CRT), cytosol release of
high mobility group box 1 (HMGB1) and extracellular release of
adenosine triphosphate (ATP)*'. We investigated LCCN-based
photodynamic effect for inducing ICD in 4T1 tumor cells. Increasing
exposure of CRT (Fig. 2E) and cytosol release of HMGBI1 (Fig. 2F)
were generated at 6 h following elevated power density of NIR light
(Supporting Information Fig. S9). Obvious fluorescent signals from
HMGBI1 were detected in nucleus of tumor cells without laser irradi-
ation. However, it was found that HMGB1 leaked from nucleus into
cytoplasm with 200 mW/cm? laser, indicating LCCN-based PDT
induced efficient ICD in 4T1 tumor cells with laser power
density >200 mW/cm?. The level of extracellular ATP was also
significantly elevated by NIR light treatment at 12 h with 200 mW/cm®
and 2.0 pg/mL of Ce6 (Fig. 2G). Since ATP was produced in living
cells, 400 mW/cm? of laser induced more rapid and drastic necrosis of
tumor cells, potentially reducing the production of ATP as well as the
extracellular leakage in vitro. These results suggested that LCCN
induced effective ICD in tumor cells, which might potentiate antitumor
immune responses in vivo. Next, we tested the effects of LCCN-
induced ICD on the maturation of DCs. 4T1 tumor cells were first
treated by LCCN and NIR light for 6 h, and then co-incubated with
bone marrow DCs (BMDCs). Obviously, LCCN-induced ICD pro-
moted the maturation of BMDCs as higher expression of CD80
(Fig. 2H) and CD86 (Fig. 2I) was detected in contrast to untreated
groups. These results suggested that LCCN could not only induce
phototoxicity but also effectively trigger ICD in vitro.

3.3. Delivery of Poly(I:C) into tumors and elicitation of
antitumor immunity

For biodistribution assay, 4T1 tumor-bearing BALB/c mice were
treated with LCCN or LCCN-Poly(I:C) suspensions and exam-
ined by in vivo imaging system (IVIS). Provably, both the
nanoparticles showed effective accumulation in tumors 2 h post
the injection. The fluorescent signals retained for 48 h in tumor
site and no significant difference in tumors was found between
the two groups (Fig. 3A). Similar results were detected ex vivo
after the injection as comparable intensity was found in tumors
of both groups at desired time points (Fig. 3B and C). To
investigate whether LCCN enabled efficient delivery of nucleic
acid drugs into tumors, we performed confocal laser scanning
microscopy (CLSM) examination on tumor sections. Extremely
weak fluorescent signals of FAM-labelled negative control (NC)
nucleotides was found in free NC treated group, while obvious
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green fluorescence was co-localized with Ce6 in LCCN-NC
treated group (Fig. 3D). When LCCN-Poly(I:C) accumulated
in tumors, the nanoparticles would be uptake by tumor cells,
generate ROS, induce ICD and trigger release of Poly(I:C) as
well as tumor antigens. Generally, the photodynamic effects
would lead to indiscriminate killing of cells in TME, and anti-
tumor immune responses were elicited following the recruitment
of DCs and T cells’*>. Recruited DCs processed released tumor
antigens and Poly(I:C) through endocytosis and bystander effects
to improve antitumor immunity>>~*. Besides, it was well known
that protein corona was formed on the surface of nanoparticles
when circulating in bloodstream®>. The composition and content
of protein varied with the surface charge, and cationic PEGylated
nanoparticles could improve transvascular transport, tumor
penetration and cellular internalization in contrast to anionic or
neutral counterparts®®. Optimal surface charge could be a key
factor for good pharmacokinetics of nanoparticles. According to
distribution results, the surface charge of LCCN-Poly(I:C) was
well optimized to enable superior tumor-specific distribution
while reduce the clearance of reticuloendothelial system.

As effective light-controllable charge-reversal and tumor-
specific distribution could be achieved by LCCN-Poly(I:C),
we tested its impacts on antitumor immune responses in vivo.
It was well confirmed that Poly(I:C) enabled effective matu-
ration of DCs®’. Compared to other groups, the frequency of
matured DCs in tumors was significantly elevated in mice
treated by LCCN-Poly(I:C) plus laser (Fig. 3E). Moreover, the
population of tumor infiltrated CD8" T cells, was ~2.9-fold
higher in LCCN-Poly(I:C) plus laser group than that of
PBS-treated mice. As exact ICD effects were observed in vitro
(Fig. 2E-H), LCCN-based photodynamic effects could also
improve the frequency of CD8" T cells in LCCN plus laser
treated tumors (Fig. 3F). It was found that the CD8" to CD4™"
T cell ratios in LCCN + Laser and LCCN-poly(I:C) + Laser
groups were 2.8- and 4.1-fold higher than that in PBS group,
indicating that LCCN-poly(I:C)-based combination therapy
efficiently activated immune responses in tumors (Supporting
Information Fig. S10). The immune priming effects of PDT
have been confirmed in our previous works®'~*°. Further-
more, the frequency of regulatory T cells (Tregs) was also
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Figure 3

LCCN-Poly(I:C) effectively distributed into tumors and induced antitumor immunity in 4T1 tumor model. (A) Fluorescent imaging of

LCCN and LCCN-Poly(I:C) intravenously treated mice at equal 1.0 mg/kg of Ce6. (B) Biodistribution of LCCN and LCCN-Poly(I1:C) ex vivo at

12 h and (C) 24 h. (D) CLSM images of FAM-NC distribution in tumor sections 4 h post-injection. Scale bar

50 um. (E) Frequency of

CD11¢"CD80"CD861 DCs in tumors. (F) Frequency of CD3"CD4", CD3*CD8" T cells in lymphocytes harvested from tumors in control and
treated groups. (G) Frequency of Tregs in tumors with different treatments. Data are presented as mean £ SD (n = 3).

decreased after LCCN-Poly(I:C) plus laser treated in contrast
to PBS group (Fig. 3G), potentially lifting the suppressive
burden of Tregs on CD8' T cells.

3.4.  Photodynamic cancer immunotherapy based on LCCN-
Poly(I1:C) in vivo

Inspired by the high efficacy of LCCN-Poly(I:C) to prime anti-
tumor immunity, we further evaluated the potential of this charge-
reversal nanoparticles for inhibiting the growth of TNBC. 4T1
tumor-bearing mouse model is a typical type of TNBC model
with aggressive metastasis feature. Plenary targeting delivery
strategies have been overviewed to provide insightful thoughts on
promising treatments’’. Once the tumor volume reached
100 mm®, 4T1 tumor-bearing mice were treated twice with

different suspensions and NIR light in desired groups (Fig. 4A).

Although LCCN-based PDT (LCCN + Laser group) almost
totally disrupted the established 4T1 tumors during initial period,
the tumors rapidly relapsed from Day 11 as raised tumor growth
kinetic was observed in mice. Remarkably, enhanced antitumor
effect was achieved in mice treated by LCCN-Poly(I:C) plus NIR
light. The treatment delayed 96.7% of the tumor growth in
contrast to PBS group, showing a significantly enhanced anti-
tumor efficacy against 4T1 tumors (Fig. 4B). The body weight of
mice was also monitored during the antitumor study. No signifi-
cant difference was found between LCCN and PBS groups.
Accordingly, the body weight of mice was mildly decreased after
LCCN plus laser or LCCN-Poly(I:C) plus laser treated during
initial period (Fig. 4C), potentially due to PDT-induced adverse
effects. Fortunately, the body weight of mice in these groups was
recovered over time. Moreover, the survival duration of mice was
significantly prolonged with LCCN-Poly(I:C) plus laser treated



Nanoparticles for enhancing cancer immunotherapy 361
A B - 2000+ 20007
_ --PBS g |—PBs 1
o -=- Poly(l:C) =2~ | —Poly(:C)
E 18001 7 3N 9% | —Lcen 1000 1000
= -*LCCN+Laser v 5 E | —LCCN+Laser 1
g 1200 —+— LCCN-Poly(l:C)+Laser 1 ]’i EV ~—~LCCN-Poly(l:C)+Laser 0
i 7 x 2 R —— Y A 45 1:
3 iv. 7 Time (day) 0 6 12 18
g 600 2000 20001 2000
£
2 o 1000 10001 1000
0 4 8 12 16 20
Time (day) _\4;

O
O

~—w E

— 1007 —=—Poly(I:C) § 100 l
2 4 = 1 LCCN B
g ; R 75 4 [ CLaser o 75
o) ’ [, R = = LCCN-Poly(kC) ‘= == PES
g 2 D S 504 wLaser g 501 | —= Poly(:c) l
7 LCCN
-§ 16 -e- PBS =+ LCCN+Laser S 2 25_* ;[_-_ LCCN+Laser
A = Poly(:C) _, LCCN-Poly(c) ® 251 b  LCON-POy(iC) ——
LCCN +Laser 8 +Laser
124+ T T T T 1 0 T r ® 0 y r r T
0 4 8 12 16 20 0 40 60 (=) 10 15 20 25 30
Time (day) Time (day) Time (day)
LCCN-Poly(I:C)
F PBS Poly(I:C) LCCN LCCN+Laser il
. g } : .

CD8* T cells TUNEL H&E

IFN-y

Figure 4

Growth inhibition of primary and abscopal 4T1 tumors by LCCN-Poly(I:C). (A) Average growth kinetics of primary tumors after

treatments (n = 6). (B) Individual growth kinetics of tumors in mice. (C) Body weight (n = 6). (D) Survival percentage in control and treated
groups (n = 6). (E) Abscopal tumor free percentage of mice with various treatments (n = 5). (F) H&E assessment of primary tumors. Scale
bar = 200 pm. (G) TUNEL staining of primary tumor sections. Scale bar = 100 pm. (H) Fluorescent staining of CD8" T cells in tumor slice.
Scale bar = 100 pm. (I) Histochemistry staining of IFN-y™ cells in tumor slice. Scale bar = 100 pum. Data are presented as mean %+ SD.

*P < 0.05, #*P < 0.01, ***P < 0.001.

when compared with other four groups (Fig. 4D). Given that the
activation of antitumor immunity in tumor site may prime sys-
temic effect’'***, we examined the antitumor efficacy of LCCN-
Poly(I:C) on abscopal tumor model. The primary tumors were
treated twice and then distant tumors were inoculated. It was
found that abscopal tumors were established much earlier in mice
treated with PBS or LCCN than that of LCCN-Poly(I:C) plus
laser group. Eighty percent of mice were free of abscopal tumor
establishment after LCCN-Poly(I:C) plus laser treated (Fig. 4E),
which was obviously delayed than that with PBS or LCCN
treatments.

Hematoxylin-eosin (H&E) staining of the primary tumor sec-
tions showed that both LCCN + Laser and LCCN-

Poly(I:C) + Laser induced obvious cell apoptosis and necrosis, as
broken nucleus and diffused cytoplasm was found in these groups
(Fig. 4F). Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) examination also confirmed that more
apoptotic tumor cells appeared after LCCN-Poly(I:C) plus laser
treated (Fig. 4G). Besides, both CD8' T cells (Fig. 4H) and
secreted IFN-y (Fig. 4I) in tumors was elevated after the treat-
ment, which might attribute to TLR3 activation and PDT-based
ICD. Above results provided partial mechanisms that might
explain the enhanced antitumor efficacy of LCCN. Besides, barely
appreciable injury or inflammation was detected in the major or-
gans (heart, liver, spleen, lung and kidney) of mice in control and
treated groups (Supporting Information Fig. S11).
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4. Conclusions

In this study, we have developed a charge-reversal nanoparticle
which is positively charged for loading nucleotides-based immune
modulators while rapidly reversed to negative charge for effective
drug release under active NIR light control. With NIR light irra-
diation, the LCCN trigger abundant ROS and sequentially lead to
the cleavage of phenylboronic ester between PBA and PVA, and
then totally disassembled in reduction microenvironment. This
light-controllable charge-reversal property enables active-control
over the release of nucleic acid-based immune modulators loaded
by LCCN. LCCN induce effective phototoxicity and ICD in 4T1
tumor cells, and highly prime the antitumor immune responses
when combining TLR3 agonist Poly(I:C) in vivo. The nanoparticles
enable efficient tumor-targeting distribution of payloads and
significantly inhibit the growth of primary and abscopal 4T1 tu-
mors. The novel approach is applicable to deliver broad types of
nucleic acid-based immune modulators with effective release
property, which provides a promising strategy to treat TNBC with
enhanced photodynamic cancer immunotherapy.
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