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KEY WORDS Abstract Co-delivery of chemotherapeutics and immunostimulant or chemoimmunotherapy is an
emerging strategy in cancer therapy. The precise control of the targeting and release of agents is critical
in this methodology. This article proposes the asynchronous release of the chemotherapeutic agents and
immunostimulants to realize the synergistic effect between chemotherapy and immunotherapy. To obtain
a proof-of-concept, a co-delivery system was prepared via a drug-delivering-drug (DDD) strategy for

Asynchronous release;
Co-delivery;
Immunogenicity;
Cancer cells;

Immunostimulant; cytosolic co-delivery of Poly I:C, a synthetic dSRNA analog to activate RIG-I signaling, and PTX, a
Paclitaxel; commonly used chemotherapeutics, in which pure PTX nanorods were sequentially coated with Poly
Chemoimmunotherapy I:C and mannuronic acid via stimulating the RIG-I signaling axis. The co-delivery system with a diameter

of 200 nm enables profound immunogenicity of cancer cells, exhibiting increased secretion of cytokines
and chemokines, pronounced immune response in vivo, and significant inhibition of tumor growth. Also,
we found that intracellularly sustained release of cytotoxic agents could elicit the immunogenicity of can-
cer cells. Overall, the intracellular asynchronous release of chemotherapeutics and immunomodulators is
a promising strategy to promote the immunogenicity of cancer cells and augment the antitumor immune
response.

*Corresponding author.
E-mail address: weihe @cpu.edu.cn (Wei He).
Peer review under responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2021.03.014
2211-3835 © 2021 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/).


mailto:weihe@cpu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2021.03.014&domain=pdf
https://doi.org/10.1016/j.apsb.2021.03.014
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2021.03.014
https://doi.org/10.1016/j.apsb.2021.03.014

Intracellular asynchronous release of Poly I:C and PTX amplifies immune response 3273

© 2021 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

Chemoimmunotherapy refers the combination of chemotherapy
and immunotherapy'>. Chemotherapy uses drugs to kill or slow
the growth of cancer cells while immunotherapy stimulates or
restores the ability of the immune system to fight against cancer.
In 2019, US Food and Drug Administration (FDA) approved the
first chemoimmunotherapy regimen (Treanda-Rituxan-Polivy, an
antibody—drug conjugate), for patients with relapsed or refractory
diffuse large B-cell lymphoma. One of the keys in developing
chemoimmunotherapy formulations is to circumvent the negative
immunologic profile of chemotherapy and maximize the synergy
of chemotherapy and immunotherapy. Delivery technology or
platform has an unneglectable role for this job’. They can inte-
grate chemotherapeutic and immunotherapeutic agents into one
single system while improving the biodistribution, tissue pene-
tration, half-life, and providing spatially and temporally controlled
release” °. However, we noticed that the current drug delivery
systems (DDSs) are mainly based on polymers or other materials,
which unavoidably decreases the dosage of the drugs the system
can deliver. For most traditional DDSs, their drug-loading ca-
pacity is lower than 10% (w/w)’. The low payload becomes more
restricted for co-delivery since two or more than two drugs are
required to be loaded. Furthermore, the conventional co-delivery
systems are internalized via endo-lysosomes followed by disso-
ciation, and simultaneously release their cargos to the cytoplasm
within a limited period® ', frequently resulting in suboptimal
therapeutic efficacy.

Previously, we have developed a co-delivery platform, namely
drug-delivering-drug (DDD) strategy, which rod-like nanocrystals
of an insoluble drug were utilized as a carrier to deliver a second
biological drug or a small-molecular active compound''~'>. The
drug-loading capacity of DDD can be as high as 60%—80% (w/w).
Second, the DDD platform can enter cells without detainment by
the endo-lysosomes and, as a result, significantly promote intra-
cellular delivery of biopharmaceuticals''~'°. Additionally, the
DDD platform allowed for sustained drug release from the drug
nanocrystals and rapid release of the loaded biopharmaceutical
after uptake'"'>">.

Here, we hypothesized that this platform can be extended to
the chemoimmunotherapy for the asynchronous release of
chemotherapeutic agent and immunostimulant with high drug
loading. This will eventually maximize the effect of chemo-
immunotherapy. As a proof-of-concept, we co-delivered paclitaxel
(PTX) and polyriboinosinic:polyribocytidylic acid (Poly I:C) to
cancer cells using the DDD platform. PTX is a chemotherapeutic
drug, triggering apoptosis of cancer cells'®'”. Whereas Poly I:C, a
safe synthetic analog of double-stranded RAN (dsRNA) having
little toxicity to the body'®, is potent to activate the cytosolic
retinoic acid inducible gene I (RIG-I), resulting in increased
expression of IFN, chemokines and inflammatory cytokines and
innate immune reactions'® ?%. The co-delivery system was pre-
pared by loading Poly I:C onto the pure rod-shaped PTX

nanocrystals, named PTX nanorods (PNRs), which the PNRs were
fabricated by using a simple antisolvent-precipitation method and
cationic 3-LG (CLG) as a stabilizer. To target cancer cells, a D-
mannuronic acid (MA) was utilized to coat the PNR/Poly I:C
complex (PNRplex) for mannose-receptor (MR) targeting
(Scheme 1). We found that via enhancing the activation of the
RIG-I signaling axis in cancer cells rather than immune cells, the
developed co-delivery system markedly elicited the immunoge-
nicity of cancer cells via promoted production of cytokines and
chemokines and enabled profound enhancement in maturation of
dendritic cells (DCs) and infiltration of CD4™" T cells and CD8* T
cells in the tumor.

2. Materials and methods
2.1.  Materials and cells

Paclitaxel (PTX) was provided by Jiangsu Taxus Biochem Co., Ltd.
(Jiangsu, China). $-Lactoglobulin (8-LG, No. L3908, 90% purity),
polyinosinic:polycytidylic acid (Poly I:C, 99% purity), Cy5-Poly
I:C, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 98% purity) and fluorescein isothiocyanate isomer I (FITC,
98% purity) were commercially purchased from Sigma—Aldrich
(St. Louis, MO, USA). DiR was purchased from Biotium, Inc.
(Hayward, CA, USA). b-Mannuronic acid sodium salt (MA, 99%
purity) was purchased from Qingdaobozhihuili Biochem Co., Ltd.
(Qingdao, China). Nystatin was acquired from Aladdin Co., Ltd.
(Shanghai, China). Primary antibody for RIG-I (ab45428), IRF3
(ab68481) and Phospho-IRF3, (-actin (ab37168), HRP-
conjugated secondary antibody (ab205718), lysis buffer and pro-
tease inhibitor were purchased from Fcmacs Biotech Co., Ltd.
(Nanjing, China). Annexin V-FITC/PI, DAPI, blocking buffer,
Hematoxylin & Eosin Staining (H & E staining) Kits and TUNEL
Kit were obtained from the Beyotime Institute of Biotechnology
(Haimen, China). SDS-PAGE gel, ECL chemiluminescence Kit,
BCA protein assay Kit, and mouse interferon-8 (INF-G) ELISA
Kits were from Guangzhou Jet Bio-Filtration Co., Ltd. (Guangz-
hou, China). The cell lines, fetal bovine serum (FBS), Dulbecco’s
modified Eagle’s medium (DMEM), RPMI-1640, trypsin,
100 pg/mL streptomycin and 100 IU/mL penicillin were obtained
from Nanjing Key GEN Biotech Co., Ltd. (Nanjing, China). Anti-
mouse monoclonal antibodies labeled with fluorochromes
(CDll1c, CD86, CD3e, CD4, CD8a) were supplied by Biolegend
(San Diego, USA). Mouse C-X-C motif chemokine 10 (CXCL-10)
ELISA Kits, mouse C—C motif chemokine ligand 5 (CCL-5)
ELISA Kits and mouse interleukin-6 (IL-6) ELISA Kits were
from Multiscience (Lianke) Biotech, Co., Ltd. Tumor lymphocyte
separation solution Kit and spleen lymphocyte separation Kit were
purchased from Tianjin Haoyang Biological Manufacture Co.,
Ltd. (Tianjin, China).

Female C57BL/6 mice aged 6—8 weeks were provided by
Qinglongshan Animal Center (Nanjing, China). The animals ac-
quired care that followed the Principles of Laboratory Animal Care
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Scheme 1  Illustration of the targeted co-delivery of the immunological adjuvant Poly I:C and cytotoxic drug nanorods for immunochemo-
therapy by using a strategy of drug-delivering-drug (DDD). (I) Preparation of MA-PNRplex by loading Poly I:C on paclitaxel (PTX) nanorods
(PNRs), followed by MA coating. Purposed mechanism: (II) after intravenous injection, (III) MA-PNRplex is internalized via cavesomes, a
pathway bypassing endo-lysosomes, (IV) continue releasing of PTX while rapidly release Poly I:C, (V) Poly I:C promotes the secretion of
chemokines and cytokines through RIG-I pathway and recruits immune cells to poison the cancer cells; and subsequently, the cumulative release
of PTX generates additional toxicity to the cancer cells, eventually achieving chemoimmunotherapy.

and the Guide for the Care and Use of Laboratory Animals. All
animal experiments were approved by the Institutional Animal Care
and Ethics Committee of China Pharmaceutical University, China.

2.2.  Preparation and characterization

PTX nanorods (PNRs) were prepared by using a simple
antisolvent-precipitation method, with cationic 8-LG (CLG) as a
stabilizer as described in previous reports’~*. Briefly, 10 mL
CLG solution (1 mg/mL) was mixed with organic phase, 0.5 mL
PTX solution (40 mg/mL in dimethyl sulfoxide) under stirring
conditions and treated with an ultrasonic probe (20—25 kHz,
Scientz Biotechnology Co., Ltd., Ningbo, China) at 250 W for
10 min. The entire preparation was performed at 4 °C.

PNR/Poly I:C complex (PNRplex) and MA-coated PNRplex
(MA-PNRplex) were prepared by the electrostatic attraction
method. In brief, PNRplex was prepared through mixing PNRs
and an equal volume solution of Poly I:C (100 pg/mL) followed
by incubation at room temperature for 30 min. MA-PNRplex was
fabricated by adding MA solution to a dispersion of PNRplex
under vigorous stirring. The MA concentration of coating was
optimized regarding the diameter and surface charge of the
nanoparticles. Dye-labeled nanoparticles were prepared using a
similar procedure. FITC-labeled nanoparticles were prepared by
dissolving the dye with PTX in dimethyl sulfoxide together as the
organic phase prior to mixing with the CLG solution. Dual-labeled
PNRplex or MA-PNRplex were fabricated by assembling Cy5-
Poly I:C on FITC-nanoparticles.

The nanoparticles were characterized in terms of the average
particle size, polydispersity index (PDI) and zeta potential using a

90 Plus Particle Size Analyzer (Brookhaven Instruments, Holts-
ville, NY, USA). A transmission electron microscopy (TEM, JEM-
1230 TEM, Tokyo, Japan) was used to examine the morphology of
nanoparticles. One drop of the prepared nanoparticles was placed
to a copper mesh, followed by drying at 25 °C, staining with 2%
(w/w) phosphotungstic acid for 1 min, removing the excess
phosphotungstic acid, and air-drying.

The encapsulation efficiency (EE) and drug loading (DL) of
PTX and Poly I:C were measured by Egs. (1)—(4):

EE (%) of PTX = (Amount of PTX in MA — PNRplex /
Amount of PTX added) x 100

DL (%) of PTX = (Amount of PTX in MA — PNRplex /
Amount of MA — PNRplex free — dried powder) x 100 (2)

EE (%) of Poly I:C = (Amount of Poly I:C /
Amount of Poly I:C added) x 100 3)

DL (%) of Poly I:C = (Amount of Poly I:.C /
Amount of free — dried MA — PNRplex) x 100 4)

The content of PTX was determined by a high-performance
liquid chromatography (HPLC) system (SHIMAZU LC-10AT,
Kyoto, Japan) under the conditions described in a previous
report”. The concentration of Poly I:C was examined by indi-
rectly measuring the absorbance of free Poly I:C in the supernatant
collected upon ultracentrifugation at 260 nm using a Nano-100
(Thermo Fisher Scientific).
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Agarose gel electrophoresis was conducted to confirm the
loading of Poly I:C in the nanoparticles. Briefly, PNRplex with
various mass ratios of CLG/Poly I:C and positive control (naked
Poly I:C) were cultured with 5 x loading buffer containing
GelRed (Generay Biotechnology, China) for 30 min, loaded into
the respective wells of the gel at 80 V for 30 min, and finally was
analyzed using a Bio-Rad high-sensitivity chemiluminescene
imaging system (Chemidoc XRS+, USA). The serum stability of
MA-PNRplex was performed by incubation in 10% fetal bovine
serum (FBS) solution at 37 °C and was subjected to turbidity
determination at specific time intervals using UV—Vis spectros-
copy (UV-2450, Shimadu, Japan).

The release of PTX from the nanoparticles was evaluated by
the dialysis method on a shaker with a shaking speed of
100 rpm at 37 °C. In brief, 3.5 kDa dialysis bag were loaded with
1 mL of the samples with a PTX concentration of 0.2 mg/mL and
was then immersed in 30 mL of release medium containing 0.2%
Tween 80 at pH 7.4 or pH 5.0. At the predetermined time points,
1 mL of dialysis solution was sampled, along with a supply of
1 mL of fresh medium. The content of PTX in the samples was
determined using an HPLC system as described in a previous
report™,

2.3.  Cellular uptake

To determine the expression of mannose receptors on murine
melanoma B16F10 cells, the cells were cultured in a confocal dish
at a density of 1 x 10° cells/well, suspended in complete DMEM
overnight, incubated with Dil at a concentration of 1 mmol/L at
37 °C for 1 h, fixed by 4% paraformaldehyde for 10 min at 37 °C,
blocked by 5% BSA at 37 °C for 1 h, stained with Alexa Fluor®
488-labeled anti-mannose receptor at 4 °C overnight, and washed
with PBS, stained with DAPI, and finally observed with confocal
laser scanning microscope (CLSM, Carl Zeiss, Germany).

For cellular uptake studies, the cells (1 x 10° ) were cultured
with dual-labeled nanoparticles with a FITC concentration of
10 pg/mL or a Cy5 concentration of 2 nmol/L in a serum-free
culture medium at 37 °C. At predetermined time points, the
cells were harvested for flow cytometry analysis (Cytomics™ FC
500, Beckman Coulter) and observation by CLSM.

To investigate the role of mannose receptors in the cellular
uptake of MA-PNRplex, cells were preincubated with 1 mg/mL
MA for 1 h, followed by being cultured with FITC-labeled
nanoparticles at a FITC concentration of 10 pg/mL at 37 °C for
4 h. To explore the endocytic pathway, the cells were treated by
endocytic inhibitors, nystatin (10 mmol/L), for 30 min at 37 °C in
advance and then, were incubated with dual-labeled MA-
PNRplex.

2.4.  Invitro cytotoxicity and apoptosis assay

Cell viability was detected by MTT assay. In brief, cells were
seeded in 96-well plates (5000 cells/well) and incubated for
24 h at 37 °C before the administration of drugs. The cells were
treated with different formulations at various concentrations for
48 h and incubated with 20 pL of MTT (5 mg/mL) for 4 h and
200 pL of dimethyl sulfoxide, respectively. The absorbance of
each well was measured by a microplate reader (Thermo, Vari-
oskan Flash).

Cell apoptosis was evaluated by Annexin V-FITC/PI double
staining assay. In brief, B16F10 cells were seeded in a 6-well plate
at a density of 2 x 10° cells per well, treated with different
nanoparticles at a fixed PTX concentration of 10 pg/mL or Poly
I:C at 2.5 pg/mL for 48 h at 37 °C, and stained with FITC-
conjugated Annexin V (5 pL) and PI (5 pL) according to the
protocol for analysis by flow cytometry.

2.5.  Western blot (WB) assay and ELISA assay in vitro

B16F10 cells in 6-well plates at a density of 2 x 10° cells/well
were incubated with various nanoparticles at a fixed PTX con-
centration of 10 pg/mL or Poly I:C concentration of 2.5 pg/mL for
12 h at 37 °C in advance, and were cultured in free-serum media
for another 48 h.

For WB analysis, the treated cells were collected, lysed in cold
lysis buffer for 30 min and centrifuged at 10,000x g for 10 min at
4 °C, followed by protein determination with a BCA protein assay
Kit, mixing with loading buffer and boiled at 90 °C for 5 min,
protein separation by SDS-PAGE, transferring onto PVDF mem-
branes, blocking with 5% skim milk for 1 h at room temperature,
treatment with anti-RIG-I, anti-IRF3 and anti-P-IRF3 overnight at
4 °C, incubation with HRP-linked secondary antibody for 1 h, and
being dyed with ECL chemiluminescence Kit. The imagines were
taken from a G: Box ChemiXRS5 (Syngene, Cambridge, UK) using
B-actin as the internal reference. The quantification of the bands
was analyzed by an Image] software (National Institutes of
Health) with B-actin for normalization.

For the ELISA assay, supernatants of treated cells were
collected and centrifuged at 5000 rpm for 15 min. The expression
levels of IFN-B, CXCL-10, CCLS, and IL-6 in the supernatant
were determined by ELISA Kit according to the protocol.

2.6.  Co-culture study in vitro

The co-culture study and CFDA-SE-labeled B16F10 cells were
performed as described previously’*?’. The supernatants were
collected after incubation of B16F10 cells with various nano-
particles at a fixed PTX concentration of 10 pg/mL or Poly I:C
concentration of 2.5 pg/mL for 48 h at 37 °C. ELISA assay was
utilized to confirm the concentration of the chemokines and cy-
tokines in the supernatants. Splenocytes were isolated from
C57BL/6 mice and adjusted a density of 4 x 10° cells/mL.
Whereas CFDA-SE labeled B16F10 cells were resuspended to a
density of 1 x 10° cells/mL in DMEM medium. Then CFDA-SE
labeled B16F10 cells (0.5 mL) were cultured with equal volume
of splenocytes for 4 h in a 12-well plate and were treated with
the collected supernatants for another 24 h. Finally, the
B16F10 cells and splenocytes were harvested and stained with
propidium iodide (PI). The death rate of B16F10 cells (CFDA-
SE1/PIT) was assayed by flow cytometry after gating on the
CFDA-SE-labeled B16F10 cells. CFDA-SE labeled B16F10 cells
without being cultured with splenocytes and supernatants were
used as control.

2.7.  Invivo biodistribution and tumor targeting
B16F10 tumor-bearing C57BL/6 mice were used in bio-

distribution studies and anti-tumor activities. B16F10 cells
(1 x 107 cells/mL) were subcutaneously injected into the
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Characterization of the nano-complex. Size distribution of PNRs (A), PNRplex (B), and MA-PNRplex (C). (D) Gel electrophoresis of

PNRplex with different mass ratios of stabilizer (CLG)/Poly I:C ranging from 1 to 30. (E) TEM observation of MA-PNRplex from the optimized
formulation. (F) Particle size, PDI and zeta potential of MA-PNRplex with different mass ratios of CLG/Poly I:C/MA. (G) Serum stability of MA-
PNRplex in 10% FBS studied by determination of turbidity by UV-spectroscopy at 260 nm at 37 °C within an 8-h period (mean + SEM, n = 3).
(H and I) In vitro release profile of PTX from PNRs, PNRplex and MA-PNRplex at 37 °C for 72 h (H, pH 7.4; I, pH 5.0).

axilla region of the mice. When the tumor volume reached
about 50 mm?, the mice were selected for the subsequent
experiments.

The mice were injected 200 pL of DiR-labeled nanoparticles
via the tail vein at a fixed dose of 0.5 mg/kg of DiR based on the
animal’s body weight. At specific time points after dosing, the
anesthetized mice were imagined in vivo to detect fluorescence
intensity using an imaging system (IVIS Spectrum, PerkinElmer,
USA) at an excitation wavelength of 748 nm and an emission
wavelength of 780 nm. At the end of the experiment, the mice
were sacrificed to harvest the major organs and tumors to detect
the ex vivo fluorescence intensity.

2.8.  Invivo therapeutic effects

The B16F10 tumor-bearing C57BL/6 mice were randomly divided
into eight groups (6 mice per group) and were dosed with 0.2 mL
of different nanoparticles every 3 days for 5 times via the tail vein
at a fixed PTX dose of 10 mg/kg and Poly I:C dose of 0.5 mg/kg or
1 mg/kg body weight. The body weight and tumor volume were
recorded every 2 days during the treatment. On Day 13, all mice
were sacrificed to harvest the tumors and major tissues for sub-
sequent experiments. The extracted tumors were frozen and

sectioned for hematoxylin-eosin (H&E) staining, TUNEL assay
and Ki67 staining.

2.9.  Immune response in vivo

Single-cell suspensions from the extracted spleens and tumors
were obtained according to the protocol form Tumor and Spleen
Lymphocyte Separation Kit. In brief, the resected tumors and
spleens were weighed, mechanically cut into small pieces, and
gently ground through a 70-pum cell strainer followed by centri-
fugation, resuspending, isolation of immune cells, and washing
three times. Activated and mature CD86" CD11lc* DCs were
detected by flow cytometry. Whereas for the measurement of
CD4% T cells and CD8™ T cells, the cells were stained with anti-
CD3e, anti-CD8 and anti-CD4 antibodies, according to the in-
struction of the Kit.

The sections of tumors and spleens were immersed in PBS and
homogenized in cold PBS. Then the serum and supernatant of
homogenates were centrifuged at 10,000xg for 10 min at 4 °C.
The levels of cytokines and chemokines in the isolated tumors and
spleens and serum were analyzed by ELISA Kit according to the
protocol. The levels of RIG-I, IRF3 and P-IRF3 in the tumors
were examined by WB analysis.
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2.10.  Statistical analysis

Data are represented as mean values + standard deviation (SD).
The inter-group differences were evaluated by one-way ANOVA
with post hoc Tukey’s test and P < 0.05 indicates significant
differences.

3. Results

3.1.  Preparation and characterization of nanoparticles

Paclitaxel nanorods (PNRs) were prepared through an antisolvent-
precipitation method by using CLG as the stabilizer. Poly I:C and
MA were then loaded onto the 175 nm PNRs (Fig. 1A) sequen-
tially to prepare MA-PNRplex (Scheme 1). The formulation of
PNRplex was optimized by altering the mass ratio of CLG/Poly
I:C. The assay of agarose gel electrophoresis displayed that the
bands of Poly I:C disappeared when the mass ratio was >5 and
demonstrated Poly I:C was well loaded (Fig. 1D). The loading of
Poly I:C could in general increase the diameter and decrease the
positive charge of PNRplex (Supporting Information Figs. SIA
and S1B). PNRplex with a mass ratio of 10 and a diameter of
190 nm (Fig. 1B) was selected for MA coating due to the high
loading of Poly I:C and enhanced stability against disassociation
in vitro among the formulations. The coating of MA increased the
size and reduced the positive-charge of MA-PNRplex, along with
the increase in MA concentrations (Fig. 1F, Figs. S1C and S1D).
MA-PNRplex with CLG/Poly I:C/MA mass ratio of 10:1:10 and
with a size of 218 nm (Fig. 1C) was selected for further study
owing to the least positive surface charge. Determination by
HPLC method demonstrated that the drug-loading in the opti-
mized formulation of MA-PNRplex is approximately 64% (w/w)
for PTX and 3% for Poly I:C, along with encapsulation efficacy of
99% and 83% for PTX and Poly I:C, respectively. TEM images
displayed MA-PNRplex had a rod-like structure with an average
length of 200 nm (Fig. 1E). The little alteration in turbidity,
assayed by UV—Vis spectroscopy upon 9-h incubation in 10%
FBS, implied the nanoparticles were stable against serum-
mediated aggregation and dissociation after systemic administra-
tion (Fig. 1G).

The in vitro PTX release from the preparations was performed
by a dialysis method in media at pH 5.0 and 7.4 (Fig. 1H and I).
Approximately 30% of PTX was released from PNRs within 72 h
in both conditions, whereas less than 15% of PTX was released
from PNRplex and MA-PNRplex. The results demonstrated that
these nanoparticles allowed for sustained release of the small-
molecular cytotoxic agent, PTX, over time and the loading of
Poly I:C was able to further slow the release.

3.2.  Improved internalization in cancer cells mediated by MR-
targeting

First, the expression of the mannose receptor (MR) on
B16F10 cells was confirmed by using Alexa Fluor® 488-labeled
anti-mannose receptor. As displayed in Supporting Information
Fig. S2, yellow fluorescence locating on the cell surface demon-
strated the colocalization of MR and cell membrane and indicated
the high expression of MR.

In order to study the role of MR in cellular uptake,
B16F10 cells were cultured with free MA in advance to block the
receptors, and then incubated with FITC-MA-PNRplex. The

uptake of the nanoparticles was reduced by approximately 70% at
the MA concentration of 100 pg/mL compared with the control
group which was not pretreated with MA (Supporting Information
Fig. S3A), indicating that MR is of importance to mediate the
uptake. Also, the internalization was time-dependent in a 4-h
period (Figs. S3B and S3C). Interestingly, obvious pink spots in
the cells were displayed at 4 h post-incubation, which implied that
the dual-labeled nanoparticles were not broken after internaliza-
tion (Fig. S3C). The presence of the unbroken nanoparticles in the
cells was ascribed to the internalization via bypassing the endo-
lysosomal system. As depicted in Fig. S3D, the pretreatment
with the caveolar inhibitor, nystatin, decreased the uptake of the
nanoparticles significantly (P < 0.01). Accordingly, the nano-
particles were internalized mainly via a caveolar pathway. It is
well known that caveolar endocytosis is closely associated with
the cytosolic delivery without entrapment within the endo-lyso-
somes' 2527 Herein, we demonstrated that the cellular uptake of
the nanoparticles could be enhanced by MA coating and, more-
over, was governed predominantly by a nonendo-lysosomal
pathway.

Next, the cytotoxicity of various formulations to B16F10 cells
was investigated. As expected, due to the improved cellular
internalization, MA-PNRplex exhibited the strongest toxicity
against the cancer cells at all measured concentrations among
these nanoparticles (Supporting Information Fig. S4A). Moreover,
the MA-PNRplex have a higher ability to induce apoptosis of the
cancer cells compared with other groups, along with >5-fold in-
crease in apoptosis rate over PNRs without loading Poly I:C (Fig.
S4B and C, P < 0.001).

3.3.  Significant improvement of anti-tumor effect in vivo

The biodistribution and tumor accumulation in B16F10 tumor-
bearing mice were studied via intravenous injection of free DiR or
DiR-labeled nanoparticles. The nanoparticles largely accumulated
in the two organs of the reticuloendothelial system, liver and
spleen, at 24 h after injection (Fig. 2A, B and D). However, sur-
prisingly, the accumulation of DiR-MA-PNRplex in the tumor is
comparable with that in the two organs and demonstrated its
potent tumor-targeting ability. Furthermore, the fluorescence in-
tensity from DiR-MA-PNRplex was approximately 1.5-fold
greater than that from DiR-PNRplex at all time points (Fig. 2C),
which highlighted the significance of MA coating.

To examine the in vivo anti-tumor efficacy, the BI6F10 tumor-
bearing mice were dosed with various nanoparticles. Compared
with the saline group on Day 13 post administration, the growth of
tumor was inhibited by 6% for Poly I:C group, 15% for free Taxol/
Poly I:C (combined use of free PTX and Poly 1:C) group, 56% for
PNR group, 68% for PNRplex group, 75% and 81% for MA-
PNRplex (low) and (high) groups, respectively (Fig. 3A and B).
MA-PNRplex inhibited tumor growth with the highest efficacy,
amid the formulations. In particular, intracellular delivery of Poly
I:C using PNRs reduced the tumor volume by approximately 11-
fold for PNRplex, 13- and 14-fold for MA-PNRplex at low dose
and high dose, respectively, compared with free Poly I:C. The
weight examination of the extracted tumors confirmed the results
of tumor growth inhibition (Fig. 3D). Little change in the animals’
body weight indicated the nanoparticles had no toxicity to the
body (Fig. 3C). To further test the anti-tumor activities, the
extracted tumors were examined in situ for apoptosis and prolif-
eration. Again, most profound necrosis, apoptosis and anti-
proliferation were displayed in the groups treated with MA-
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PNRplex (low and high doses, Fig. 3E). MA-PNRplex (low and
high doses) increased the apoptosis rate by > 2.5-fold over the
group treated with Poly I:C (P < 0.001, Fig. 3F), confirmed by the
proliferation analysis (Fig. 3G). Taken together, MA-PNRplex
efficiently accumulated in the tumors and markedly inhibited the
tumor growth.

3.4.  Pronounced immune response in vivo via activating DCs
and recruiting T-helper cells and cytotoxic T cells

Poly I:C, a commonly used immunostimulatory adjuvant in cancer
treatment™’, can enhance the immune response by triggering
signaling pathways in immune cells, such as DCs, fibroblasts and
phagocytic cells®' %, Poly I:C is efficient to mature and activate
DCs, enhance specific antigen cross-presentation to T-helper cells
(CD4™), cytotoxic T cells (CD8T) or natural killer T cells and,
therefore, elevate the activation of T cells against cancer
cells* %7, Herein, the in vivo immune response was investigated
by assaying these immune cells in the collected tumors and
spleens at the end of treatment. The maturation of DCs in the
tumor was assayed via detection of markers of CD86 and CDl11c.
As shown in Fig. 4A and Supporting Information Fig. S5A, free
Poly I:C or free Taxol/Poly I:C had little effects on the maturation
of DCs in the tumor, whereas PNRplex, MA-PNRplex at low or
high dose significantly improved the maturation and increased the
DCs population for approximately 7-, 13- and 17-fold over the
groups of free Poly I:C, respectively. In addition, the infiltration of
CD4% T cells and CD8™ T cells in the tumors was measured via
determination of the markers of CD3e, CD4 and CDS8. Markedly
improved infiltration of CD8" (Fig. 4C and Fig. S5C) and CD4* T
cells (Fig. 4B and Fig. S5B) in the tumors was displayed after
dosing MA-PNRplex, unveiling the immune response of T cells.
The spleens are a part of the body’s lymphatic system and are
essential to the innate and adaptive immune response’®, and the
elicited maturation of DCs and accumulation of T cells in the

tumors is always proportional to that in the spleen. Therefore, the
expanding population of the immune cells in the spleen was
investigated as well. Similar enhancement in expanding popula-
tion of the immune cells was observed in the spleens (Fig. 4D—F
and Fig. S5D—S5F). In particular, MA-PNRplex significantly
elevated the recruitment of the immune cells in the tumors and
spleens than PNRplex (P < 0.01), demonstrating that the MA
coating played a vital role to the immune augmentation. Overall,
these results indicated that dosing MA-PNRplex enabled
extremely stronger immunostimulatory potency.

3.5.  Significantly increased secretion of cytokines and
chemokines in the tumor microenvironment

Immune augmentation is always closely associated with the increased
secretion of chemokines and cytokines. Tumor-derived IFN-£ is
critical to the activation of DCs and contributes to cross-present
tumor-associated antigen to naive CD8 T cells®”. IL-6 is also asso-
ciated with the regulation of inflammatory reactions, DCs maturation
and T cell immunity*>*'. CXCL-10 and CCL-5 are robust to recruit T
cells, natural killer (NK) cells and DCs to the tumors*”. In the study,
we measured the release of these cytokines and chemokines with
ELISA Kits in the collected tumors, spleens and serum at the end of
treatment (Fig. 5 and Supporting Information Fig. S6). Administra-
tion of free Poly I:C, Taxol/Poly I:C, or PNRs increased IFN-3
by < 0.6 fold compared with the control (saline), whereas injection of
PNRplex or MA-PNRplex at low or high dose upregulated the level of
cytokine by 1.8-, 2-, and 2.5-fold, respectively (Fig. SA). Dosing the
three complex of PNR/Poly I:C elevated the level of IL-6 by 1—2.5-
fold in the tumors in comparison to the control (Fig. 5B). Further-
more, the treatment with the three complexes promoted the chemo-
kines by 2—2.8-fold for CCL-5 and by 1.5—2.5-fold for CXCL-10
over the control, while dosing free Poly I:C, Taxol/Poly I:C, or PNRs
had little influence on the production of the two chemokines (Fig. 5C
and D).
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proliferation (G) (n = 3, **P < 0.01 and ***P < 0.001).

As depicted in Fig. 4D—F, the dosing of PNRplex, low and
high dose of MA-PNRplex promoted the activation and pro-
liferation of immune cells in the spleens. Accordingly, the
levels of these cytokines and chemokines in the peripheral
blood and spleens were assayed. Significantly increased levels
of IFN-G (Fig. S6A), IL-6 (Fig. S6B), CCL-5 (Fig. S6C) and
CXCL-10 (Fig. S6D) in the spleens were displayed post-
administration of these complex. The elicited levels of the
cytokines and chemokines were detected in the serum as well
(Figs. S6E—H).

3.6.  Cytokines and chemokines generated from cancer cells
enhanced immune activity in vitro

Besides immune cells, other non-immune cells like endothelial cells
and cancer cells are also able to secret chemokines and cytokines
under certain conditions™. As demonstrated in Fig. S3A, MA-
PNRplex targeted well to B16F10 cells and improved its uptake.
Therefore, we hypothesized the increased chemokines and cytokines
in vivo were mainly produced by the cancer cells. Here, the secretion
of IFN-(, IL-6, CXCL-10 and CCL-5 from B16F10 cells was assayed
after incubation with various formulations. Intracellular delivery of
Poly I:C and PNRs by using the complex, PNRplex or MA-PNRplex,
promoted the secretion of IFN-B over other groups (Fig. 6A).

Particularly, the level of IFN-@ from the group treated with MA-
PNRplex at low or high dose was higher than that from PNRplex
(P < 0.05), indicating targeting the cancer cells enabled increased
production of the cytokine. Similarly, elevated levels of IL-6, CCL-5
and CXCL-10 from the cancer cells were shown after incubation with
MA-PNRplex at low and high dose (Fig. 6B—D). In addition, the
increased production of the four factors from the cancer cells treated
with various formulations was proportional to that in vivo (Fig. 5).
Therefore, targeted co-delivery of Poly I:C and PNRs to the cancer
cells are crucial to the increased production of the chemokines and
cytokines.

In order to determine the effect of the secreted chemokines and
cytokines on the activation of immune cells and immune cyto-
toxicity against cancer cells, a co-culture study was performed by
incubating the supernatants collected from the cancer cells treated
with various formulations with the splenocytes isolated from mice
and CFDA-SE labeled B16F10 cells. The apoptosis rates from the
groups treated with PNRplex or MA-PNRplex at low or high dose
were of 14%, 18% and 25%, respectively, and are 4—7-fold in-
crease over that from the formulation Taxol/Poly I:C (Supporting
Information Figs. S7A and S7B). Interestingly, the drug nanorods,
PNRs, also showed enhanced ability to activate the splenocytes
and killed the cancer cells compared with free Poly I:C and Taxol/
Poly I:C (P < 0.01). The results demonstrated that the secreted



3280 Xiaoqing Du et al.
A 25 *k%k B‘5 C‘a
£ 20 ek * 5 5
g —I:l K = £
E , o 2
2 15 T 2 =
T) o o
o 10 | -
[2) + ”
=] 3 2
5 5 o o
- =
x® 0 o °
- 5y =2 =
S L2 &HS
Fas &S
F € &° S \é\- \0-\-
N q
B & &
& S
<
D &8 E. F.
g Fkk o °
2 & &
% 10 k%% £ £
£ 1 ) )
1’2} = =
3 8 .
o ° e s
+
8 3 8
o o o
= 9 s 5 9
= =
S & & &S S & &S
F S &Y ] FI S TSR VX
S T TE o F S TLE oy
€ ¢ & ¥ o < S ¥
N T & R N T L L
S & & g &
< < ES
§FS §F
Figure 4 Immune response in vivo. Immune response analysis in the tumors and spleens sampled on Day 13 at the end of treatment. The

percentage of DC cells and T cells within the tumor (A—C) and the spleen (D—F) (mean &+ SEM, n = 3, *P < 0.05, ***P < 0.01). The immune
cells were analyzed by collection of single cell suspensions from the tissues, staining with antibodies and determination with flow cytometry.

chemokines and cytokines from the cancer cells could stimulate
the immune cells in vitro and improve their ability to induce
apoptosis in cancer cells, whereas the secreted level plays an
important role in the activation.

3.7.  Enhanced immunostimulatory efficacy via activation of
RIG-I-IRF3/P-IRF3 signaling axis in cancer cells

The production of chemokine and cytokine is always related to the
stimulation of the signaling pathway. Poly I:C can interact with
the TLRs within the endosomal compartment“, RIG-I or RIG-I-
like receptors in the cytoplasm™®. To be more specific, via
recognition by RIG-I and involvement of IRF3/P-IRF3 signaling,
Poly I:C is potent to increase the production of interferons (IFNs),
chemokines and inflammatory cytokines and thus promote an
immune response'*~>*. Here, we detected the RIG-I-IRF3/P-IRF3
signaling axis by WB assay in B16F10 cells treated with various
formulations. Compared with the control treated with PBS, the
groups treated with drug-containing formulations upregulated
RIG-I (Fig. 7A and B); however, for the P-IRF3/IRF3 ratio,
highest expression level was displayed in the groups administered
with MA-PNRplex at low or high dose, along with 5-6-fold in-
crease in contrast with that from saline-treated group (Fig. 7A and
C). Again, PNRs significantly elevated the level of P-IRF3/IRF3
ratio over Poly I:C or taxol/Poly I:C (P < 0.01), consistent with
the results of cytokine- and chemokine-secretion in vitro (Fig. 6).
In order to confirm the in vitro result, the in vivo RIG-I-IRF3/P-
IRF3 signaling axis was determined by analyzing the protein
level in the extracted tumors. Similar enhanced expression of RIG-
I and P-IRF3/IRF3 ratio in the groups treated with PNRs or
complex of PNRs and Poly I:C was observed after treatment
(Fig. 8). The results demonstrate that MA-PNRplex enabled
effective activation of the signaling axis of RIG-I-IRF3/P-IRF3 in
the cancer cells in vitro and in vivo.

4. Discussion

4.1.  Cytosolic delivery of Poly I:C to cancer cells rather than
immune cells induces robust immunostimulation via activating
RIG-I pathway

Poly I:C triggers immune response by activating toll-like-receptor
ligand 3 (TLR-3) in the endosomal compartments of target cells,
such as APCs, macrophages, fibroblasts, keratinocytes, muscle
cells and liver cells, and promotion in antigen-pre-
sentation’®*°~*°_ Poly I:C can also be recognized by RIG-I in the
cytoplasm of DCs and induces immunostimulation via the pro-
duction of interferons®. However, previous reports indicated that
association of Poly I:C with RIG-I in non-immune cells induced
modest immunostimulation'®*°. Unlike TLR-3 which locates in
the endosomal compartment™, RIG-I is a cytosolic pattern
recognition receptor residing in the cytoplasm and has limited
access to the ligand, Poly I:C°'. Moreover, Poly I:C has poor
stability and undergoes rapid enzymatic degradation in the endo-
lysosomes, leading to little escape from the endosomes to the
cytoplasm®®. In the study, via bypassing the endosomes, the PTX
nanorods delivered Poly I:C to the cytoplasm with high efficacy
and facilitated its association with the cytosolic RIG-I that sub-
sequently activated the RIG-I-IRF3/P-IRF3 signaling axis. These
results imply that only the ligands of RIG-I are delivered effec-
tively to the cytosol, can the RIG-I signaling axis be activated to
induce potent immunostimulation. In addition, cytosolic delivery
of Poly I:C via endosomal escape mainly led to an induction of
secretion of type I IFN, CXCL-10 and IL-10"%°%. In contrast, as
depicted in Figs. 5 and 6, the administration of MA-PNRplex
induced pronounced secretion of CCL-5, a proinflammatory che-
mokine that can recruit a variety of leukocytes into inflammatory
sites and induce the activation and proliferation of particular
natural killer cells>>. In contrast with the endosomal TLR-3, if the
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cytosolic RIG-I pathway is activated potently, it may be more
efficient to induce immunostimulation. The findings open a new
path to promote immune response through activation of RIG-I-
pathway in cancer cells.

4.2.  Intracellularly sustaining release of cytotoxic agent
significantly promotes immunogenicity of cancer cells

Conventional chemotherapy can impact the immune response via
various mechanisms, including improving the immunogenicity of
cancer cells, destroying immunosuppressive networks, and sensi-
tizing cancer cells to immune cytotoxicity”*>>. Moreover, it was
argued that long-term success of chemotherapy may rely on its
induced immunostimulation®®. However, in the clinical practices,
the paradox is that a high dose of administration is always
required to kill cancer cells, and whereas, would lead to immu-
nosuppressive side-effects. An administration strategy that can
balance the two aspects is highly desirable. In this study, the
administration of cytotoxic drug crystals, PNRs, not only effec-
tively induced apoptosis of cancer cells, but also stimulated a
strong immune response via promoted activation and recruitment
of immune cells, including DCs, T-helper cells (CD4+), and
cytotoxic T cells (CD8"), and enhanced secretion of immuno-
modulatory factors in vitro and in vivo. Unlike conventional drug
carriers that release their cargoes rapidly after cellular uptake™’,
the present drug crystals, PNRs, entered cells via bypassing the
endosomes and continuously released the cytotoxic drug, PTX,
overtime after internalization'>'*'>. The sustained-release profile
in cells may reduce the toxicity of drug crystals to cancer cells,

extend the duration of immunogenic apoptosis and, as a result,
facilitate the secretion of immunomodulatory factors, prolong
their exposure to immune cells around and assist in attracting
effector T cells into the tumor. Previous reports also demonstrated
that via decreasing the toxicity of PTX by conjugating the drug
with peptide or administration at a low dose™, the immune
response in vitro and in vivo was activated against cancer cells™.
Accordingly, we believe that the nanosized crystals of chemo-
therapeutic compounds can be used as a generalized platform for
chemotherapy-induced immunotherapy. Furthermore, because of
the facile preparation and scalability®, the crystalized strategy has
promising potential for clinical use.

4.3.  Complex of cytotoxic pure drug nanocrystals/
immunostimulant is a promising platform for chemoimmu-
notherapy due to asynchronous release after internalization

Increasing evidence showed chemoimmunotherapy has the po-
tential to emerge as a renovated strategy to combat cancer.
Frequently, chemoimmunotherapy can be achieved by two
combinatorial regimens in which immunotherapy is used to
neutralize the immunosuppressive effects or maximize the
immunostimulatory potency of chemotherapy®. However, such
combinatorial approaches have little practical use in the clinic so
far, although a combination of carboplatin or cisplatin, peme-
trexed/pembrolizumab was approved for the treatment of non-
small cancer cell cancer®’. Co-delivery of chemotherapeutic
agents and immunostimulants to cancer cells is one of the most
convenient and universal strategies for chemoimmunotherapy due
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at 37 °C for 12 h. The control group was treated with PBS.

to improved treatment outcomes and easy preparation. Note-
worthy, the two active ingredients always have a spatiotemporal
discrepancy in the cytosolic target and the exertion of activity. As
a result, to maximize the synergy, asynchronous release of the two
active agents from drug carriers is essential. Nonetheless, the
currently used drug carriers inevitably release the two ingredients
into the cytoplasm synchronously after uptake, compromising the
synergistic effect®” ®>. Our results in Fig. 1H and T and our pre-
vious reports'>' implicated that the complex of drug nano-
crystals/biologics characterized the asynchronous release of the
two active agents, where the drug release from the drug crystals
lasted >70 h whereas the release of biological drug was

completed within 2 h. After internalization, the drug crystals
continuously released the drug for 7—10 h'"'?; in contrast with
the in vitro release, the release period in cells was markedly
shortened, probably induced by the interplay with the endogenous
substance. The intracellular release of the two active drugs from
the complex was asynchronous. No co-delivery systems are re-
ported to have this property so far. As our best knowledge,
adjusting the ratio between PTX and Poly I:C in drug carriers is
the only feasible strategy to improve the synergy. However, the
conventional carriers have extremely low drug-loading capacity at
less than 10% which significantly weakened this ability. The
present study provided a potent approach to enhance the synergy
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Activation of signaling pathway in vivo. Expression in vivo of RIG-1, P-IRF-3 and IRF-3 in the tumor determined by (A) WB assay.

Quantitative analysis of (B) RIG-I and (C) P-IRF-3/IRF-3 (mean + SEM, n = 3, ***P < 0.001). Protein levels were normalized to $-actin. The
tumors were collected from mice at the end of the treatment. The control group was treated with saline.

of two drugs. In addition, accumulating evidence implied
that biological drugs often take much longer time to exert
their activities after uptake compared with small molecular
drugs®. Therefore, the platform is promising to maximize
the synergy between chemotherapy and immunotherapy. In our
study, the synergy was indeed confirmed in the cytotoxicity as
displayed by the combination index (CI, Supporting Information
Fig. S8).

5. Conclusions

In this study, we demonstrated that cytosolic delivery of Poly I:C
with drug nanocrystals to cancer cells rather than immune cells
significantly activated the RIG-I signaling axis and induced pro-
found immunostimulation. The findings unveil that increasing the
accessibility of cytosolic RIG-I in cancer cells to its ligands allows
for improved immune response. Intracellular sustained-release of
cytotoxic agent from its pure crystals in cancer cells enables
strong immunostimulatory potency. The crystallization of cyto-
toxic agent represents a promising approach to facilitate the clinic
practice of chemotherapy-induced immunotherapy via avoiding
durable low-dose metronomic administration. Furthermore, cyto-
solic delivery of the complex of cytotoxic drug nanocrystals/
immunostimulant confers the asynchronous release of the two
active agents and markedly amplifies the immune response. The
developed asynchronous-release co-delivery system with
extremely high drug-loading capacity has potential to overcome
the disadvantages of currently used regimen of chemo-
immunotherapy that frequently requires subsequent administration
of chemotherapeutic agent and immunostimulant and long-lasting
administration of the cytotoxic drug. Taken together, the present
co-delivery system offers a novel strategy to potentially maximize
chemoimmunotherapy.
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