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A bifunctional nanomodulator for boosting CpG-
mediated cancer immunotherapy
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Unmethylated cytosine-phosphate-guanine (CpG) oligonucleotides (ODNs) possess high immunostimu-
latory activity and represent attractive tools for cancer treatment. However, their success in eliminating
large solid tumors was hampered by the immunosuppressive tumor microenvironment. Herein, we report
that the design of a novel MnO,-CpG-silver nanoclusters (AgNCs)-doxorubicin (DOX) conjugate for
enhanced cancer immunotherapy, in which MnO, nanosheets function as unique supports to integrate
the chemotherapy drug DOX and the immunotherapeutic agent CpoG-AgNCs. Importantly, DOX could be
conjugated with MnO, nanosheets through n—=r interactions to serve as a bifunctional modulator of the
tumor microenvironment to activate a tumor-specific immune response by inducing immunogenic cell
death, and reverse the immunosuppressive tumor microenvironment via abrogating the immune-
suppressive activity of regulatory T cells, both of which would greatly improve the immune response of
CpG-AgNCs. In this way, the T-cell immune responses of CpG-AgNCs which are linked to MnO,
nanosheets were significantly enhanced and could exhibit remarkable antitumor activity against large
solid tumors. Our study may guide the rational design of immunotherapeutic boosters for improving

rsc.li/nanoscale cancer treatment.

Introduction

As a type of immunostimulatory nucleic acid, unmethylated
cytosine-phosphate-guanine (CpG) oligonucleotides (ODNs)
have attracted increasing attention due to their strong
immunostimulating activity."* The recognition of CpG ODNs
by Toll-like 9 (TLR9) of the host cell could induce a cascade of
innate and adaptive immune responses via the MyD88-depen-
dent nuclear factor-kB (NF-kB) and mitogen-activated protein
kinase (MAPK) signaling pathways, promoting the secretion of
proinflammatory cytokines such as IL-12, IL-6, TNF-a, IFN-y
etc.>”” Such properties make CpG ODNs promising therapeutic
candidates for treating cancer. Particularly, clinical trials of
CpG ODNs have been conducted from phase I to III and
shown some exciting results.*'* Nevertheless, owing to the
strong immunosuppressive effect of the tumor microenvi-
ronment, a high dose of CpG ODNs and repetitive adminis-
tration were required to obtain an effective immune effect,
which led to adverse effects (e.g. sepsis-like events)."*™*®
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Furthermore, CpG ODN monotherapy was efficient against
tumors only with a small size (<20 mm?) rather than large
solid tumors as advanced tumors were more
immunosuppressive.’® " These limitations greatly hampered
their further application in the clinic. To tackle these chal-
lenges, therapeutic interventions aimed at disrupting the
immunosuppressive mechanisms of tumors have emerged as
promising strategies to enhance the antitumor immunity of
CpG ODNs.”°?? In particular, immune checkpoint blockade
therapy that uses small-molecule inhibitors or antibodies to
suppress regulatory pathways in T cells could promote the
immune responses of CpG-ODNs significantly and thereby
inhibit tumor growth.**** However, the limited efficacy and
the non-specific immunological response of checkpoint block-
ade therapy would lead to severe side effects, including auto-
immune disorders, and hepatic and endocrinological toxici-
ties, which retarded their clinical translation.>*” Thus, it is
highly necessary to develop a new paradigm that could
improve the therapeutic effects of CpG ODNs effectively to
treat large solid tumors while avoiding the untoward side
effects.

Chemotherapy is the gold-standard treatment modality for
cancer.”®*® Since most chemotherapeutics killed tumor cells
through cytostatic and/or cytotoxic effects, the contribution of
chemotherapy to the immune system has long been
neglected.’*** Recently, accumulating evidence suggests that
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certain chemotherapeutic agents can modify the propensity of
tumor cells to elicit an immune response and/or directly exert
immunostimulatory effects.>**® Among them, doxorubicin
(DOX), a commonly used anticancer agent in the clinic, has
been demonstrated to be an impactful agent of both the
innate and the adaptive immune response.’”*® On the one
hand, DOX could engage a tumor-specific immune response
by eliciting immunogenic cell death (ICD), where the dying
tumor cells acting as anticancer vaccines initiated a robust
immune response.>*™** Such effects not only promoted the
antigen-presenting capacity of antigen-presenting cells, but
also stimulated the secretion of pro-inflammatory cytokine.
More importantly, recent research has demonstrated that
immunocompetent mice vaccinated with dying cancer cells
which were pre-treated with DOX were protected against sub-
sequent challenges with live cancer cells.*? In addition, DOX
has the potential to alter tumor microenvironments to decrease
immune suppression by abrogating the immune-suppressive
activity of regulatory T cells (Tregs) and improving the activities
of effector T-cells, which are crucial for reopening the dormant
immune response against malignancies.”*™*® By taking these
unique advantages of immunogenic drugs, we envision that
DOX would augment the immune response of CpG and
enhance its antitumor efficiency for large solid tumors.

Herein, for the first time, we reported that the construction
of MnO,-CpG-silver nanocluster (AgNCs)-DOX (MCAD) nano-
composites could realize a highly effective cancer immuno-
therapy, in which MnO, nanosheets functioned as a unique
support to integrate DOX and CpG-AgNCs together (Fig. 1A).
DOX was conjugated with MnO, nanosheets through n—r inter-
actions to behave as a bifunctional modulator that was capable
of inducing ICD and decreasing the immunosuppressive
tumor microenvironment to boost CpG-mediated cancer
immunotherapy. In this way, the antitumor immunity of CpG-
AgNCs which could link to MnO, nanosheets through physi-
sorption was significantly enhanced. As illustrated in Fig. 1B,
upon MCAD nanocomposite internalization into tumor cells,
DOX-attenuated tumor cells emitted three distinct “danger”
signals, namely calreticulin (CRT) exposure, ATP secretion,
and the extracellular nuclear high-mobility group box 1
protein (HMGB1) release, which were recognized by the
immune system.”””*® These signals were then processed and
presented by infiltrated antigen-presenting cells and thereby
stimulated a strong tumor-specific immune response. More
importantly, DOX had a similar effect as immune checkpoint
blockade therapy that inhibited the immune-suppressive
activity of Tregs and improved the activities of effector
T-cells.** Such a bifunctional immune effect of DOX made it
possible to overcome the shortcomings of CpG-AgNCs in vivo.
For the first time, we found that with the assistance of DOX,
CpG-AgNCs not only induced immune activity significantly
in vivo but also eradicated the large solid tumors effectively.
This new finding may open the way to the application of
chemotherapeutic drugs as immunotherapeutic boosters to
complement current treatment paradigms for treating many
difficult-to-treat cancers. In addition, benefiting from the fluo-
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rescence properties of CpG-AgNCs and the excellent T;-mag-
netic response imaging (MRI) performance of Mn”*', our
MCAD nanocomposites successfully realized tumor-activatable
MRI and fluorescence imaging in vivo, providing a comprehen-
sive and efficient tool for real-time tracking of the CpG release
and evaluating the treatment efficacy.

Experimental

Materials

Manganese chloride tetrahydrate (MnCl,-4H,0) and tetra-
methylammonium hydroxide were obtained from Aladdin.
H,0, was obtained from Beijing Chemicals (Beijing, China).
Silver nitrate (AgNO3, 99.9995%) and sodium borohydride
(NaBH4, 98%) were bought from Alfa Aesar. All chemicals were
utilized as received from the suppliers without further purifi-
cation. Of note, we used ultrapure water (18.2 MQ; Millpore Co.,
USA) throughout the experiment. DNA oligonucleotides were
prepared by Shanghai Sangon Biological Engineering
Technology & Services (Shanghai, China). The sequences were
as follows: CpG (1826) oligodeoxynucleotides: 5-TCC ATG ACG
TTC CTG ACG TT-3'; DNA template for CpG-AgNC (CpG-
AgNCs): 5-TCC ATG ACG TTC CTG ACG TTA AAA AAA AAA AAA
CCC CCC CCC CCC-3'. Purified anti-mouse TNF-q, biotin conju-
gated anti-mouse TNF-o, TNF-a standard, purified anti-mouse
IFN-y, biotin conjugated anti-mouse IFN-y and IFN-y standards
were bought from eBioscience. Anti-CD3e-APC, anti-CD4-FITC
and anti-CD8a-FITC were purchased from Biolegend.

Measurements and characterization

Fluorescence measurements were recorded using a JASCO
FP-6500 spectrofluorometer (Jasco International Co., Japan).
Transmission electron microscopy (TEM) images were carried
out by using a FEI TECNAI G2 20 high-resolution transmission
electron microscope operating at 200 kV. Ultraviolet-visible
(UV-Vis) spectra were recorded on a JASCO-V550 spectrometer.
XPS measurements were recorded with an ESCALAB-MKII
spectrometer (VG Co., United Kingdom) with Al Ka X-ray radi-
ation as the X-ray source for excitation.

Preparation of MnO, nanosheets

MnO, nanosheets were synthesized according to previous
reports with a slight modification.® Briefly, 0.6 M tetramethyl-
ammonium hydroxide and 3 wt% H,0, were simultaneously
added into MnCl, solution (10 mL, 0.3 M). The mixture became
dark brown immediately, showing that Mn** ions were oxidized
into Mn*". Then, the mixture was collected by centrifugation
and washed three times with distilled water. To obtain the
MnO, nanosheets, 25 mg bulk MnO, was dissolved in 50 mL
water and sonicated for 10 h. Finally, the dispersion was centri-
fuged at 5000 rpm, and the supernatant was MnO, nanosheets.

Synthesis of CpG-AgNCs

AgNCs were prepared by cooling the mixture of DNA and
AgNO; to 0 °C, followed by adding fresh NaBH, solution, and
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Fig. 1 (A) Schematic illustration of the synthetic procedure for MCAD nanocomposites. (B) The mechanism of anti-tumor immune responses
induced by MCAD nanocomposites. (C)—(E) TEM characterization studies of MnO, nanosheets, CpG—-AgNCs nanoparticles and MCA nano-
composites, respectively. (F) The fluorescence of CpG—AgNCs on the surface of MnO, nanosheets at different concentrations. (G) Kinetics study of
the fluorescence change at 600 nm of the CpG—AgNCs in the presence of MnO, nanosheets. (H) The fluorescence recovery of CoG-AgNCs in a
mimicking tumor microenvironment, where exists an acidic H,O, microenvironment.

then the mixture was acutely shaken for 2 min. The final con-
centrations were 10 pM for DNA, 60 pM for AgNO;, and 60 pM
for NaBH,. Unless otherwise noted, experiments were per-
formed in 25 mM phosphate buffer saline (PBS) at pH 7.4.
Then, the fluorescence stability of CpG-AgNCs in different pH
values was investigated.

Synthesis of MCA nanocomposites

The physisorption of CpG-AgNCs on MnO, nanosheets (MCA)
was carried out by mixing 20 pL of MnO, nanosheets
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(200 mg L") and 10 pL CpG-AgNCs (10 pM) for 10 minutes
and then adding 70 pL of HEPES buffer for further incubation
for 20 min. Then, the fluorescence measurements of MCA and
equivalent CpG-AgNCs were performed.

Synthesis of MnO,-DOX and MCAD nanocomposites

MnO, nanosheets were added to 20 mL of a 0.5 mg mL~" DOX
solution, and then the mixture was stirred for 4 h at 25 °C. The
MnO,-DOX nanocomposites were obtained by centrifugation,
and then were further dispersed into PBS solution. The

This journal is © The Royal Society of Chemistry 2017
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loading amount of DOX was detected by a UV-Vis test (4 =
480 nm) of the initial DOX solution and the supernatant DOX
after centrifugation. Similarly, the MCAD nanocomplex was
prepared according to the above method. The MCA solution
was mixed with DOX for 4 h at 25 °C, and the mixture was cen-
trifuged to remove access DOX.

Cell culture

Both RAW264.7 cells and 4T1 cells were supplied by the ATCC
(American Type Culture Collection). The RAW264.7 cells and
4T1 cells were incubated with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% heat-inactivated fetal bovine
serum (FBS) at 37 °C under an atmosphere of 5% (v/v) CO, in
the air. The medium was replaced every two days. The cells
were digested using trypsin and redispersed in a fresh
medium before plating.

In vitro phagocytosis assay

4T1 cells were labeled with 1 uM CellTracker Orange (Sigma-
Aldrich) were transferred to a 1.5 mL Eppendorf microtube
and treated with PBS, MnO, nanosheets (50 pg mL™"), DOX
(3 pM) or MnO,-DOX (with a DOX concentration of 3 pM) for
4 h in an Eppendorf shaker at 37 °C. 4 h later, 4T1 cells were
co-cultured with Raw264.7 cells which were pre-seeded into
24-well plates for 24 h and then labeled with 1 pM CellTracker
Green (Sigma-Aldrich) at a 1:10 ratio for 2 h. To prevent the
nonspecific absorption of 4T1 cells on the surface of
RAW264.7 cells, the wells were washed with PBS three times
before fluorescence analysis.

CRT exposure

The CRT exposure induced by DOX was assessed by immuno-
fluorescence and flow cytometry. To conduct immunofluore-
scence experiments, 4T1 cells (5 x 10* per well) were seeded
into 24-well plates and maintained for 24 h. Then, the 4T1
cells were incubated with free DOX or MnO,-DOX nano-
composites at an equivalent DOX dose of 3 pM. 4T1 cells
treated with PBS functioned as a control. After 4 h incubation,
the cells were cultured with an Alexa Fluor 488-CRT antibody
for an additional 2 h and observed by fluorescence microscopy.
Additionally, the CRT exposure induced by DOX was analyzed
by flow cytometry. 4T1 cells were seeded into 6-well plates at a
density of 1 x 10° cells per well and maintained for 24 h. After
4 h incubation, the cells were treated with an Alexa Fluor
488-CRT antibody for 2 h and then stained with PIL. Flow cyto-
metric analysis was performed to identify cell surface CRT by
gating on PI-negative cells.

ATP secretion assay

4T1 cells (1 x 10° per well) were seeded into 6-well plates in
DMEM medium. The next day, cells were incubated with
different groups including PBS, MnO, nanosheets (50 pg mL "),
DOX (3 pM) or MnO,-DOX (with a DOX concentration of 3 pM)
for 24 h and the conditioned supernatant was carefully
collected for extracellular ATP measurements by using a
luciferin-based ENLITEN ATP Assay Kkit.
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Flow cytometric analysis of HMGBI1 release

4T1 cells (1 x 10° per well) in 6-well plates were treated with
PBS, MnO, nanosheets (50 pg mL™"), DOX (3 pM) or MnO,-
DOX (with a DOX concentration of 3 pM) for 24 h and washed
several times with PBS. Then, the cells were fixed, permeabi-
lized and stained with FITC-conjugated anti-HMGB1 for
30 min, and observed by flow cytometry.

Anti-proliferative activity of MCAD on 4T1 co-incubated with
RAW264.7 cells

Transwell plate assay was conducted to assess the anti-tumour
effect of our system. Briefly, 4 x 10* cells RAW264.7 per well
and 4 x 10° 4T1 cells were added to the upper and lower
chambers, respectively. MnO, nanosheets (50 pg mL™"), free
CpG ODNs (5 pM), MnO,-DOX (with a DOX concentration of
3 uM), MCA (with a CpG concentration of 5 uM) and MCAD
nanocomposites (with a CpG concentration of 5 pM and a
DOX concentration of 3 pM) were added to the upper side,
respectively. Following incubation for 48 h, the proliferative
ability of 4T1 cells in the lower chambers was determined by
MTT assay.

Cytokine assays

1 x 10° RAW264.7 cells per cell were seeded on 6-well culture
plates. After incubation for 24 h, cells were incubated with the
indicated conditions for 24 h (IL-6) or 8 h (TNF-a). The con-
ditioned mediuma was carefully extracted and stored at —80 °C
until use. The concentrations of IL-6 and TNF-a were evaluated
by enzyme-linked immunosorbent assay (ELISA).

In vivo tumor models

We purchased 8-week-old female Balb/c mice from the
Laboratory Animal Center of Jilin University (Changchun,
China). Notably, all animal procedures were in accord with the
guidelines of the Institutional Animal Care and Use
Committee. To develop a tumor model, 4T1 cells (1 x 10°) dis-
persed in PBS were subcutaneously injected into the flank
mammary gland of each female Balb/c mouse. When the
tumor volume reached ~100 mm?®, mice were divided into four
groups including PBS (control), MCA (immunotherapy),
MnO,-DOX (chemotherapy) and MCAD (synergistic therapy),
where each group consisted of 5 mice and was administered
doses by intratumoral injection. The concentration and dose
used for the four groups are shown in Table 1. It deserves men-
tioning that the tumor volume was calculated according to the
following formula: Volume = (Tumor Length) x (Tumor
width)?/2.

Table 1 The concentration used of four groups

PBS MCA MnO,-DOX MCAD
50 pL 50 pL 50 puL 50 pL
10mM CpG5pM DOX2mgmL™' CpG5 uM DOX 2 mg mL™"

Nanoscale, 2017, 9, 1423614247 | 14239
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Levels of IFN-y

In order to study the in vivo immune response of MCAD, a par-
ticular soluble cytokine IFN-y was evaluated. The tumor-
bearing mice received intratumoral injections of PBS, MCA
(with a CpG concentration of 5 pM), MnO,-DOX (with a DOX
concentration of 2 mg mL™"), MCAD (with a CpG concentration
of 5 uM and a DOX concentration of 2 mg mL™"). After 3 days of
treatment, the serum samples of mice in each group were
collected and diluted for analysis. The levels of IFN-y in the sera
were determined by ELISA using antibody pairs specific to the
cytokine following the manufacturer’s instructions.

Flow cytometry (FACS) assay of cell surface markers

Tumors were harvested, incubated with 1 mg mL™" collagenase I
for 1 h and ground with the rubber end of a syringe. Then, cells
were filtered by nylon mesh filters and washed several times
with PBS. The obtained single-cell suspension was treated with
anti-CD3e-APC and anti-CD4-FITC or anti-CD8a-FITC. FACS
analysis was used to analyse the stained cells. Intracellular
FoxP3 staining was performed by using a T Cell Staining kit.

Statistical analysis

All data were presented in this work as the mean + standard
deviation (SD). All figures exhibited in this work were acquired
from three independent experiments with similar results. The
statistical analysis was conducted by using Origin 8.0 software.
Asterisks indicate significant differences (*P < 0.05, **P < 0.01,
***P < 0.001).

Results and discussion
Characterization of MCAD nanocomplexes

To verify our hypothesis, the CpG-AgNCs nanoparticles were
initially synthesized by silver metallization of CpG DNA con-
taining a 12-base C-nucleation sequence.’® Transmission elec-
tron microscopy (TEM) and HRTEM images of CpG-AgNCs
demonstrated their size of about 2 nm with good uniformity
(Fig. 1D, Fig. S1 and S27). Moreover, the well-prepared CpG-
AgNC nanoparticles exhibited bright red fluorescence with an
excitation wavelength of 550 nm and an emission wavelength
of 600 nm, which were favorable for investigating the dynamic
processes of CpG-AgNCs in vivo (Fig. S31). Importantly, no sig-
nificant photobleaching was detected over a broad pH range,
indicating the good fluorescence stability of CpG-AgNCs in
various acidic/basic media (Fig. S471). Furthermore, we found
that the introduction of AgNCs greatly increased CpG stability
against nuclease degradation (Fig. S51), which was helpful for
their applications in vivo. Owing to their appealing pH-/redox-
responsive properties, abundant anchoring points and extre-
mely large surface area, MnO, nanosheets were specifically
chosen as nanocarriers in our work.’* The MnO, nanosheets
were prepared according to a previous report'® and had an
average size of 223 nm as well as a polycrystalline sheet struc-
ture determined by TEM and dynamic light scattering (Fig. 1C,
Fig. S6 and S71). Atomic force microscopy (AFM) imaging
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showed the typical two-dimensional appearance of MnO, with
a thickness of 1.1 nm (Fig. S87).

Of note, single-stranded DNA could be absorbed on the
surface of MnO, nanosheets by the synergistic physisorption
of nucleobases on the basal plane of the MnO, nanosheets.*
Encouraged by this property, we investigated whether the flex-
ible single strand state of CpG-AgNCs was capable of absorb-
ing on the surface of MnO, nanosheets. As revealed by TEM
images, CpG-AgNC nanoparticles were successfully dispersed
on the surface of MnO, nanosheets (Fig. 1E), which was also
demonstrated by AFM images, XPS spectra and zeta-potential
analysis (Fig. S9, S10, and S11}). Since MnO, nanosheets had
an intense and broadly optical absorption (Fig. S12%), the fluo-
rescence of CpG-AgNCs was gradually quenched upon increas-
ing the concentrations of MnO, nanosheets (Fig. 1F). Moreover,
the quenching kinetics was fairly fast and needed only several
tens of minutes (Fig. 1G). As tumors possess an acidic and
H,0,-rich microenvironment, we proceeded to investigate the
pH-/H,0,-responsive properties of MnO, nanosheets in a
mimicking tumor microenvironment. As illustrated in Fig. 1H
and S13,t under acidic H,0, conditions, the quenched CpG-
AgNCs fluorescence was recovered completely, which could be
ascribed to the decomposition of MnO, nanosheets.

The loading and release of DOX on MnO,-CpG-AgNCs
(MCA) nanocomposites were studied. Owing to the strong
electrostatic interaction and coordinate bonding between DOX
and MnO, nanosheets, a high DOX-loading capacity was
obtained. As illustrated in Fig. S14,1 the loading capacity was
as high as 70% when the DOX concentration was 0.5 mg mL ™",
much higher than the reported drug delivery systems. Thanks
to the pH-/H,0,-responsive properties, MnO, nanosheets can
be reduced into Mn*" by acidic H,0, in solid tumors, which
could result in the release of DOX. Therefore, the release of
DOX was monitored at pH values of 7.4, 6.0, and 4.5 in the
presence of biologically relevant levels of H,0,, respectively.
Nearly 90% of DOX was released at pH 4.5, whereas only 17%
of DOX was detected at pH 7.4 (Fig. S157). Collectively, it was
demonstrated that the acidic H,O, environment facilitated the
dissociation of MnO, nanosheets and the subsequent release
of DOX.

Investigation of ICD induced by DOX

Prior to studying the capacity of DOX to induce ICD, it is
necessary to evaluate its cellular uptake in tumor cells.
Compared with free DOX, substantially increased cell uptake
of DOX was observed when using MnO, nanosheets as delivery
systems, revealing that MnO, nanosheets could improve the
cellular uptake of DOX and release it efficiently (Fig. S167).
Moreover, MnO,-DOX exhibited enhanced cytotoxicity com-
pared with the same amount of free DOX, validating that
MnO, nanosheets were powerful nanocarriers for cancer treat-
ment (Fig. S17-197). Subsequently, we investigated the ICD-
inducing capacity of DOX. Since a crucial step of ICD was the
engulfment of dying tumor cells by professional macrophages,
an in vitro phagocytosis analysis was performed.*® The 4T1
tumor cells (pre-stained with CellTracker Orange) treated with
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MnO,-DOX were co-incubated with RAW 264.7 macrophages
(CellTracker Green). Double-stained macrophages indicated
that phagocytosis happened. As illustrated in Fig. 2A, both free
DOX and MnO,-DOX exhibited cytosolic mixing of the orange
and green fluorescence in the contact region between 4T1 and
RAW264.7 cells, showing that they were capable of promoting
tumor-cell phagocytosis. Subsequently, three distinct bio-
chemical hallmarks of ICD, namely CRT exposure, ATP
secretion, and HMGBI1 release, were determined. CRT acts as
the dominant pro-phagocytic “eat me” signal and favors the
phagocytosis to tumor antigen presentation, whereas ATP and
HMGB1 as “find me” signals regulate DC-mediated tumor
antigen cross-presentation and T-cell polarization.”>>* Flow
cytometry results indicated that cells treated with DOX or
MnO,-DOX showed significant CRT expression on the cell
surface, but none with PBS or MnO, nanosheets (Fig. 2B). The
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immunostaining analysis was consistent with the flow cyto-
metry results that cancer cells treated with MnO,-DOX induced
larger amounts of CRT expression than those treated with free
DOX (Fig. 2C), which could be attributed to the enhanced cel-
lular uptake and efficient release of MnO, nanocarriers. To
evaluate ATP release in the cell supernatant, a conventional
luciferase-based assay was conducted. As illustrated in Fig. 2D,
the supernatant ATP content was significantly enhanced after
DOX or MnO,-DOX treatments compared with the control
group. In addition to ATP secretion, the release of nuclear
HMGB1 was also clearly apparent with DOX or MnO,-DOX
treatment, as determined by flow cytometry (Fig. 2E). Notably,
MnO,-DOX induced more ATP and HMGB1 release than free
DOX, which was consistent with the results of CRT expression.
Taken together, both DOX and MnO,-DOX fulfilled all three
molecular hallmarks of ICD, showing that our designed
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Fig. 2 (A) In vitro phagocytosis of MnO,—DOX. Orange-stained 4T1 cells were treated with the indicated conditions before co-incubating with

green-stained RAW264.7 cells. All images were obtained under a magnification of x40. (B) CRT exposure on the cell surface of 4T1 cells was evalu-
ated after different treatments. (C) Immunofluorescence microscopy of CRT expression on the cell surface of 4T1 cells with different treatments. All
images were acquired under a magnification of x40. (D) Extracellular release of ATP in 4T1 cells. (E) The release of nuclear HMGB1 from 4T1 cells
after different treatments. Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01, ***P < 0.001). (F) Quantification of T cells in
tumors after various treatments indicated. (G) DOX and MnO,—-DOX treatment reversed T-cell suppression. Data are presented as the mean + standard
errors of the mean.
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system could act as an effective ICD inducer to initiate a
robust immune response.

In vivo biological activity of DOX

To evaluate whether a DOX-based anticancer vaccine could
engage a tumor-specific immune response in vivo, its biologi-
cal activity was evaluated using 4T1 tumor-bearing mice as an
animal model. As illustrated in Fig. 2G, mice treated with
MnO,-DOX or free DOX significantly increased the secretion
of IFN-y compared to the control group, indicating the
efficient generation of immune response. Furthermore, the
activation of antigen-specific CD8" cytotoxic T lymphocytes
(CTLs) and CD4" T cells was also examined. It is clear that
more CD4" and CD8" CTLs cells were found in the tumors
treated with MnO,-DOX (Fig. 2F). In addition to triggering a
tumor-specific immune response, we also found that both
MnO,-DOX and DOX could alter immunosuppressive tumor
microenvironments by abrogating the immune-suppressive
activity of Tregs which hampered anti-tumor immune
responses. As illustrated in Fig. 2G and Fig. S20,T the number
of Tregs was significantly reduced and the ratios of CD8"
CTLs/Treg and CD4" Teff/Treg were greatly increased in the
tumors treated with MnO,-DOX, indicating an effective strat-
egy to surmount the immune escape mechanisms. Therefore,
we envision that due to its unique merits, DOX could act as a
promising immunomodulator to potentiate the immune effect
of CpG ODNs.

Enhanced immune effect of MnO,-CpG-AgNCs

With the exception of the immune effect of DOX, our well-
designed nanocarrier may be another key factor for augment-
ing the immune response of CpG ODNs. It is worth noting
that free CpG ODNs cannot reach their target sites. So far,
various types of nanoparticle platforms including cationic
lipids, polymers, gold nanoparticles, nanodiamonds etc. have
been used to deliver CpG ODNs to stimulate immunological
reactions in cells.”***® Although promising, the interactions
between CpG ODNs and the reported nanocarriers primarily
relied on electrostatic or covalent interactions which are
thermodynamically stable and inherently resistant to dis-
sociation, inevitably decreasing the immune efficiency of CpG
ODNs.”””® In our strategy, MnO, nanosheets not only could
protect CpG ODNs from nuclease degradation, but also release
free CpG effectively and rapidly after reaching the destination.
Such advantages would remarkably improve the immuno-
stimulatory activity of CpG ODNS.

We then investigated the potential cytotoxicity of MCA
nanocomposites on RAW264.7 cells by the conventional
methyl thiazolyl tetrazolium (MTT) assay and the lactate de-
hydrogenase (LDH) assay. As illustrated in Fig. 3A and S21,}
no clear cytotoxicity effect was detected for MCA nano-
composites, even on increasing the dosage of nanoparticles to
200 pug mL™", suggesting a good biocompatibility. To stimulate
the immune response, the uptake of antigen-presenting cells
to an exogenous adjuvant is critical for antigen presentation.’
Fluorescence microscopy and flow cytometry were employed to
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measure the cellular uptake efficiency. As shown in Fig. 3B, no
apparent fluorescence was observed for cells treated with Rox-
labeled CpG ODNSs, which was likely due to the fact that naked
CpG ODNs cannot pass the cytoplasmic membrane.
Conversely, we detected a bright red fluorescence in cells incu-
bated with CpG-AgNCs, clearly indicating that AgNCs could
act as promising optical labels for tracking CpG.*° In addition,
much stronger red luminescence was observed in cells treated
with MCA nanoparticles than those treated with CpG-AgNCs,
clearly suggesting that MnO, nanosheets could improve the
cellular uptake of CpG-AgNCs (Fig. 3B). Flow analysis also
indicated that the cells incubated with MCA nanoparticles
exhibited higher fluorescence intensity than those treated with
CpG-AgNCs and free CpG (Fig. 3C), indicating that MnO,
nanosheets were efficient delivery carriers for cancer therapy.

Having successfully substantiated the efficient cellular
uptake of CpG-AgNCs, co-localization studies were conducted
to track their internalization. After 4 h of incubation, both
CpG-AgNCs and MCA nanoparticles were trapped in acidic
lysosomes of RAW 264.7 cells, which could efficiently interact
with TLR9 and induce the increased secretion of cytokines
(Fig. 3D). IL-6, an inflammatory cytokine known to be up-regu-
lated in macrophages following CpG stimulation, is a vital
marker in the activation of humoral immunity.®* TNF-a, a pro-
inflammatory cytokine mainly produced by macrophages, is
one of the most important cytokines in cellular immunity.®*
Accordingly, the levels of secreted inflaimmatory cytokines
including IL-6 and TNF-a by RAW 264.7 cells with different
treatments were measured by ELISA (Fig. 3E). Compared with
free CpG or AgNP, CpG-AgNCs exhibited significantly higher
immunostimulatory activity because of the enhanced cellular
uptake. Notably, we found that the amount of TNF-a and IL-6
secretion caused by MCA was approximately twice as high as
that of CpG-AgNCs. We speculated that the enhanced immu-
nostimulatory effects were mainly mediated by the Mn>" ions
produced by the dissociation of MnO, nanosheets. As
expected, MnO, nanosheets induced the clear secretion of IL-6
and TNF-a, which was in accordance with previous reports that
Mn>" ions were capable of activating macrophages and trigger-
ing the secretion of proinflammatory cytokines.®® In addition
to the adjuvant effect of Mn>*, the efficient release of
CpG-AgNCs from MCA nanoparticles may be another key
factor for this strong immune response. To identify our
hypothesis, graphene oxide (GO) was introduced as the control
since it has a sheeted structure like MnO, nanosheets but
could not release CpG-AgNCs efficiently. As illustrated in
Fig. 3E, the secretion of IL-6 and TNF-a caused by (GO-CpG-
AgNCs minus GO) was diminished significantly compared to
CpG-AgNCs owing to the inefficient CpG-AgNCs release.
Therefore, using MnO, nanosheets to carry CpG-AgNCs was
verified to be an attractive approach to improve their immuno-
stimulatory activity.

Cell killing by synergistic effects

Inspired by the immunomodulatory capacity of DOX and the
excellent immunostimulatory activity of MCA nanocomposites,
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Fig. 3 MCA nanocomplexes triggered immunostimulation in macrophages. (A) The MTT assays of RAW264.7 cells treated with different groups. (B)
Fluorescence microscopy of RAW264.7 cells treated with MCA nanocomplexes. The nuclei were stained with DAPI. All fluorescence images were
acquired under a magnification of x40. (C) Cell uptake efficiency was assessed by flow cytometric analysis. (D) Fluorescence microscopy investi-
gation of the localization of MCA nanocomplexes to RAW264.7 cells. The lysosomes were stained with Lyso-tracker Green. (E) Cytokine release from
RAW264.7 cells stimulated by the different treatments. Error bars represent standard deviation of three independent measurements. (F) Schematic
illustration of cell viability analysis in the 4T1 tumor cells (lower) and RAW264.7 cells (upper) co-culture system using Transwell plates. (a) Control; (b)
MnO, nanosheets; (c) free CpG ODNs; (d) MCA nanocomplexes; (e) MnO,—DOX; (f) MCAD nanocomplexes. The values represent percentage cell
viability (mean + SD, n = 3). Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01, ***P < 0.001). (G) Flow cytometric analysis of
4T1 cell apoptosis induced by different formulations in a Transwell system. (a) Control; (b) MnO, nanosheets; (c) free CpG ODNSs; (d) MCA nano-
complexes; (€) MnO,—-DOX; (f) MCAD nanocomplexes. (H) Tumor microenvironment-responsive MRl of MCA nanocomplexes. (a) Al/T; versus
M,, concentration for MCA solution in different values. (b) T;-Weight images of 4T1 cells and RAW264.7 cells treated with MCA nanocomplexes at

different concentrations.

we next investigated whether the combination of DOX and
MCA nanocomposites could lead to an enhanced therapeutic
effect. To this end, using a Transwell system for mimicking the
in vivo tumor model 4T1 cells were co-cultured with the
RAW264.7 cells. As displayed in Fig. 3F, both MnO, nanosheets
and free CpG exhibited a slight effect on the viability of 4T1
cells. In contrast, MCAD treatment offered the most effective
cancer cell killing, which was higher than the therapeutic
efficacy of both MCA and MnO,-DOX treatments. From the
t-test analysis, a significant difference was observed between
MCAD treatments and MCA/MnO,-DOX treatments in indu-
cing 4T1 cell death (Fig. 3F). Such results indicated that MCAD

This journal is © The Royal Society of Chemistry 2017

could be an effective platform to inhibit tumor cell growth by
triggering an enhanced immune response. Furthermore, the
cell death mechanisms of 4T1 cells in the Transwell system
were also evaluated by the typical fluorescein-annexin V and
propidium iodide (PI) staining assay. As illustrated in Fig. 3G,
MCAD induced cell toxicity was mainly associated with apopto-
sis, which was favorable for mediating an antitumor immune
response. More importantly, quantitative analysis showed that
the Kkilling efficacy of MCAD was significantly higher than
those of the sum of MnO,-DOX and MCA nanocomplexes,
demonstrating the integration of DOX and CpG-AgNCs was
able to enhance antitumor immunity.
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Mn>* ions produced by the decomposition of MnO,
nanosheets had five unpaired 3d electrons and were con-
sidered excellent T,-weight agents in MR imaging.®’
Consequently, T;-weight MR imaging of MCA solutions after
incubation in buffers with different pH values (4.5 and 7.4) for
2 h was performed. Compared with that in neutral buffer (pH
7.4), MCA nanocomposites dispersed in the acidic buffer
showed a concentration-dependent brightening effect and the
longitudinal relaxivity (r;) value was also increased from
0.23 mM ' s™" at pH 7.4 to 5.2 mM ' s™' at pH 4.5. Besides,
we also investigated the cell labelling ability of MCA nano-
composites. As illustrated in Fig. 3H, both RAW 264.7 cells and
4T1 cells exhibited enhanced magnetic resonance contrast
with increasing concentrations of MCA nanocomplexes. These
results supported that our well-prepared MCA nanoparticles
could be used as tumor-responsive MRI contrast agents.

In vivo antitumor activity of MCAD nanocomplexes

Finally, an antitumor study was performed to evaluate whether
DOX could augment the immune response of CpG ODNs and
improve their therapeutic effect in vivo. Considering the fact
that local administration instead of system intravenous injec-
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tion is usually used for immunotherapy,® in our experiments,
4T1 tumor-bearing mice were intratumorally injected with PBS
(control), MCA nanoparticles, MnO,-DOX and MCAD, respect-
ively. After the tumor size reached about 100 mm?, the treat-
ment efficacy was studied. As illustrated in Fig. 4A, MCA nano-
complexes failed to inhibit the growth of tumors. This result
was in agreement with previous reports that CpG alone was
incapable of acting against large solid tumors due to the pre-
existing immune suppressive effect of the tumor environ-
ment."® Although MnO,-DOX monotherapy led to clear tumor
suppression in the early stages of treatment, it failed to inhibit
tumor growth after 8 days, which might be attributed to the
emergence of drug resistance. Comparatively, with the assist-
ance of DOX, CpG exhibited admirable antitumor immunity so
that the growth of tumors was almost completely inhibited
(Fig. 4A). The tumor mass from each group was removed and
weighed to calculate the tumor inhibition rate. As shown in
Fig. 4C, the MCAD group exhibited remarkable antitumor
activity against large solid tumors compared to MCA treat-
ment. Moreover, MCAD treatment resulted in a 95% inhibition
rate on tumor growth, which was 3.9-fold higher than that of
MCA therapy (p < 0.05), as shown in Fig. 4D. Furthermore,
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Fig. 4 In vivo antitumour activity of MCAD nanocomposites. (A) Tumour growth curves of different groups of mice (5 mice per group). (B) Changes
with time in body weight obtained from mice treated with PBS, MCA, MnO,-DOX and MCAD nanocomposites. (C) Representative images of the
tumours at the 14th day. (D) Tumour weights of different groups at the 14th day. Asterisks indicate statistically significant differences (*P < 0.05,
**P < 0.01, ***P < 0.001). (E) H&E staining and TUNEL staining of tumour tissues at the 14th day. Nuclei were stained blue (DAPI staining, x20), and
apoptotic cells were stained red (TUNEL staining, x20). (F) Tumour-specific immune responses. (G) In vivo T;-weight MR images of tumour bearing
mice taken (a) before injection, (b) 5 min, and (c) 24 h post injection of MCA nanocomposites. Fluorescence images of tumour bearing mice taken
(d) before injection, (e) 5 min, and (f) 24 h post injection of MCA nanocomplexes.
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images of hematoxylin and eosin (H&E) and terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL) stained
tumor slices further confirmed that after MCAD treatment the
tumor cells were severely destroyed, showing remarkably
greater therapeutic efficacy than that of single chemotherapy
or immunotherapy (Fig. 4E). These results indicated that the
proportion of cancer cells responding to CpG ODN-mediated
immunotherapy was substantially increased by combining
DOX. Besides, we also evaluated the systemic toxicity of our
nanoplatform. As illustrated in Fig. 4B, no significant change
in body weight over the course of the treatments was observed.
Moreover, there was no noticeable tissue damage or adverse
effects on major organs (Fig. S22 and 237), reflecting the good
biocompatibility of our system in vivo.

The immunological mechanisms of MCAD nanocomplexes

in vivo

To investigate the immunological mechanisms behind the out-
standing therapeutic effects of our formulation, tumor-infil-
trating lymphocytes from relapsed tumors were harvested and
analyzed by flow cytometry. It is well known that CTL (CD3"
CD8") could directly kill tumor cells and helper T cells (CD3"
CD4") played crucial roles in regulating adaptive immunity.°®
The MCDA nanocomposites not only increased CD4" T cell
proliferation, but also significantly heightened the tumor infil-
tration of CD8' T cells (Fig. 4F), suggesting that MCAD nano-
composites were an effective immunomodulatory agent.
Besides, the tumor-infiltrating CD4" FoxP3" T cells were also
studied. As illustrated in Fig. S24,7 both the ratios of CD8" T
cells to Tregs and CD4" T cells to Tregs were remarkably
improved after MCAD treatment, which were important for
improving the anti-tumor immunological response. In con-
trast, for MCA nanocomplexes, most of the increased CD4" T
cells were found to be Tregs, resulting in the ineffectiveness of
anti-tumor immune responses. Therefore, we concluded that
the efficient immune response of CpG-AgNCs was attributed
to the immune modulation capacity of DOX, which reversed
the immunosuppressive microenvironments of tumors and
induced ICD successfully. Further analysis of the secretion of
cytokine in serum was performed. IFN-y is a pleiotropic cyto-
kine and plays an important role in the innate immune
response to tumors, including the activation of mononuclear
phagocytes and promoting the differentiation of CTLs from
CD8 T cell precursors.®” IFN-y is mainly secreted by the Th1
subset of CD4" T cells and CD8" CTLs, whereas Th1l type
immune responses are imperative to trigger immune
responses, which is of great importance to treat cancers.®®
Therefore, the concentration of IFN-y was measured at 3 days
post-injection to evaluate the generation of cytokines caused
by MCAD nanocomposites in vivo. We found that the levels of
IFN-y in serum treatment with MCAD nanocomposites was
nearly 2 fold more than that of MCA or MnO,-DOX alone.
These results suggested that the antitumor immunity of CpG-
AgNCs was significantly enhanced by the DOX-caused tumor-
specific immune response.
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Tumor-activatable MRI and fluorescence imaging

Encouraged by the above in vivo therapy results, we further
investigated whether such a pH-/H,O,-responsive nanothera-
nostic was suitable for in vivo tumor imaging. The T;-weighted
MRI was conducted on 4T1 tumor-bearing mice at different
time points post intratumoral injection of MCA (5 mg kg™"),
and the resulting images are shown in Fig. 4G. No significant
MRI contrast showed up at 5 min post injection, whereas a
marked positive enhancement was detected at 24 h post
injection. The significant tumor contrast was therefore a result
of gradual degradation of MnO, nanosheets in acidic H,O,
tumor microenvironments. Along with MR imaging, our
MCA nanoplatform could also provide tumor-activatable fluo-
rescence imaging to the tumor-bearing mice. Corresponding
to the results of MRI, no clear signal was observed at
5 min post-injection (Fig. 4G). Comparatively, the tumor
signal increased and could be easily differentiated from the
surrounding normal tissue with good contrast 24 h post
injection. These results indicated that MCA nanocomposites
possessed excellent MRI and fluorescence imaging ability and
were able to real-time track CpG-AgNCs release or depict
tumors.

Conclusions

In conclusion, for the first time, we have demonstrated that
common chemotherapy drug DOX could serve as a bifunc-
tional modulator to boost CpG ODN-mediated immunotherapy
by inducing ICD and decreasing the immunosuppressive
mechanism of the tumor microenvironment. In our design,
MnO, nanosheets were chosen as nanocarriers to co-deliver
DOX and CpG-AgNCs because of their appealing pH-/redox-
responsive properties, abundant anchoring points, as well as
extremely large surface area. DOX could serve as a workable
ICD to activate an innate and adaptive immune response,
which was demonstrated by three distinct biochemical hall-
marks of ICD, namely CRT exposure, ATP excretion and
HGMBI1 release. More importantly, in vivo experiments have
demonstrated that DOX was able to abrogate the immune-sup-
pressive activity of Tregs and improve the activities of CD8" T
cells. Such a bifunctional immunoregulation capacity of DOX
greatly enhanced the therapeutic effect of CpG-mediated
immunotherapy. As a result, the MCAD nanocomposites not
only created an immunogenic tumor environment but also
exhibited the excellent antitumor effect for large solid tumors.
Additionally, in vivo experiments have demonstrated that our
MCA nanocomposites could act as effective contrast agents for
dual-mode MRI and fluorescence imaging, enabling us to
better track the involved physiological and pathological
process in the region of interest as well as analyze the treat-
ment efficacy. Taken together, we believe that our work could
pave the way for applying clinically used chemotherapy drugs
with an immunomodulation capacity to boost cancer
immunotherapy.
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