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1. Introduction

The promise of immunotherapy for cancer therapy has not been fully fulfilled

because portions of tumors are immunosuppressive. To tackle this challenge,
the initiation of immune system by stimulator of interferon genes (STING)
pathway is explored and multifunctional STING-activating nanoparticles are
rationally designed for synergistic antitumor therapy. The STING-activating
nanoparticles have a formulation of Mn;O, @Au-dsDNA/DOX, where dsDNA
is used to activate STING for immunotherapy and doxorubicin (DOX) is
chosen as a model drug for chemotherapy. The STING-mediated immunity is
activated, inducing interferon-g (IFN-p) production, increasing T cell priming,
and enhancing effector T cell infiltration. Combined with chemotherapy,
STING-mediated immunotherapy shows good antitumor efficacy by inhibiting
tumor growth and prolonging survival rate in vivo. The promise of cancer
immunotherapy can be fulfilled by combining novel antitumor immunity with
innovative nanotechnology, and chemotherapy and targeted therapies.
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Immunotherapy has shown enormous
promise in cancer treatment, as evi-
denced by the recent success of immune-
checkpoint blockade therapy even for
advanced-stage tumors.l'"12] But only cer-
tain percentage of patients responded to
this type of immunotherapy. This limitation
is largely attributed to the fact that a large
portion of tumors are immunosuppressive,
characterized by low T cell infiltration.[*14]
To enable immunotherapy for immuno-
suppressive tumors, numerous emerging
strategies have been developed, such as
chimeric antigen receptor-redirected T
lymphocytes (CAR T cells) and tumor-
infiltrating T lymphocytes (TIL T cells)
therapies.['>1] However, these therapies
depend on sophisticated cell engineering and are inefficient due
to the side effects. Therefore, new strategies to activate antitu-
mor immunity are highly needed. Since the initiation of the in-
nate immune system is also significant to improve cancer im-
munotherapy, we envisioned that an effective innate immune ac-
tivating strategy would benefit the immunotherapy.

Stimulator of interferon genes (STING)-mediated stimula-
tion of innate immune has attracted lots of attention because
of its newly discovered role in antitumor immunity.['-2!l Cy-
tosolic double-stranded DNA (dsDNA), both exogenous and
endogenous, is sensed by cyclic guanosine monophosphate—
adenosine monophosphate synthase (cGAS) and converted into
cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP), which then binds to STING.!"#22] Upon cGAMP bind-
ing, STING is activated by dimerization and subsequently trig-
gers a signaling cascade reaction to produce type I interferons
(IFNs, particularly IFN-B).[1%20] ITEN-p is critical for activation of
antigen-presenting cells (e.g., dendritic cells) and then for T cell
priming as well as T cell infiltration (Scheme 1).

Although recent studies demonstrated that the cyclic dinu-
cleotides (CDNs, including cGAMP and analogues) are potent
therapeutic candidates for activating antitumor immunity, the
synthesis (especially the nonhydrolyzable ones) and systemic de-
livery of CDNGs are still very challenging because of their compli-
cated structures, negative charges, and feasible hydrolysis.[?>%]
These challenges may hamper their further application. Com-
pared with CDNs, dsDNA is easier to be synthesized and more
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Scheme 1. Design and synthesis of multifunctional STING-activating NPs for synergistic antitumor therapy. a) Schematic showing design and synthesis
of STING-activating Mn; O, @Au-dsDNA/DOX NPs. b) Tumor-bearing mice were injected intravenously with the designed NPs for therapy. c) MfAND
for synergistic dsDNA-mediated immunotherapy and DOX-mediated chemotherapy.

resistant to hydrolysis. In this regard, dsDNA could be an al-
ternative candidate for activating STING-mediated antitumor
immunity.?l However, dsDNA can be digested by DNases.
Therefore, further chemical modifications are needed to improve
the resistance of dsDNA against DNases.?*! Such modifications
are not only laborious but also increase the cost. Moreover, to our
knowledge, the systemic delivery of dsDNA into solid tumors for
the STING-mediated immunotherapy has not yet been achieved.

On the other hand, emerging evidence showed that the
combination of immunotherapy and chemotherapy could syner-
gistically enhance the therapeutic efficacy.”’-?°! For example, syn-
thetic high-density lipoprotein nanodiscs were developed to co-
deliver immunostimulatory CpG oligonucleotides and docetaxel
to treat glioblastoma.l**) However, the co-delivery of an immune
activator and a chemotherapeutic drug remains a challenge,
which, if achieved, would benefit the systemic delivery and en-
sure the co-localization of the two therapeutics for better efficacy.

To fill these gaps, herein we designed a multifunctional
STING-activating nanoparticle (NP) with the formulation of
Mn;0,@Au-dsDNA/DOX (MfAND) for synergistic antitumor
therapy, which could not only deliver dsDNA into solid tumors
for the STING-mediated immunotherapy but also coordinate
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with chemotherapy (Scheme 1). The MfAND NP was rationally
designed as follows: 59 bp poly(dA):poly(dT) was chosen as the
dsDNA to activate STING for immunotherapy and DOX was cho-
sen as a model drug for chemotherapy, respectively. The poly(dT)
single-stranded DNA (ssDNA) was pre-conjugated onto AuNP
via Au-S bond and then annealed with complementary poly(dA)
ssDNA to form Au-dsDNA (i.e., AN). The AN and DOX were
then co-assembled onto the Mn; 0O, nanoflower (i.e., Mf) to form
the multifunctional STING-activating NP (i.e., MfAND). Impor-
tantly, the Mf could be decomposed easily in the tumor cells, lead-
ing to the release of the dsDNA and DOX for therapy. Moreover,
the released Mn?* ions could be served as a contrast agent for
magnetic resonance imaging (MRI). The MRI imaging property
of the Mf would allow us to evaluate the accumulation of NPs in
tumors.

2. Results and Discussion

AuNPs were prepared via the citrate reduction method®" and
were confirmed by transmission electron microscopy (TEM)
imaging (Figure Sla, Supporting Information). The AN was
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Figure 1. Characterization of the designed NPs. TEM images of a) AN, b) Mf, and c) MfAN. d) UV-vis absorption spectra, e) Z-average diameter, and
f) zeta-potential of AN, Mf, MfAN, and MfAND. Each error bar shows the standard deviation of three independent measurements.

prepared in two steps: the conjugation of a thiolated ssDNA
(i-e., 59-nt poly(dT) with thiol modification at the 3’ end) onto
AuNPs and then annealing with the complementary ssDNA (i.e.,
59-nt poly(dA)). The formation of AN was confirmed by TEM
imaging (Figure 1a) as well as UV-vis absorption spectroscopy
and gel analysis (Figure 1d; Figure S1b, Supporting Informa-
tion). Monodispersed Mfwas synthesized according to a previous
method3233] and was confirmed by TEM and scanning electron
microscopy (SEM) imaging (Figure 1b; Figure S2a, Supporting
Information). The crystalline nature of Mf was characterized by
powder X-ray diffraction, which revealed a structure of tetragonal
hausmannite (JCPDS 24-0734) (Figure S2b, Supporting Informa-
tion). The AN was then assembled onto the Mf via a noncovalent
attachment strategy®*! to form Mn;0, @Au-dsDNA (MfAN). A
typical TEM image in Figure 1c showed the successful assem-
bly of MfAN. Notably, the ratio of AN to Mf in the MfAN could
be facilely tuned (Figure S3, Supporting Information). Moreover,
when we changed the ratio of AN to Mf, well-dispersed morphol-
ogy was observed even the ratio was up to 20:1 (weight/weight).
Finally, DOX was loaded on the MfAN to obtain the MfAND.
The successful loading of DOX was verified by UV-vis absorp-
tion spectroscopy (Figure 1d). The loading efficiency of DOX was
evaluated by a fluorescent assay (Figure S4, Supporting Informa-
tion). The average hydrodynamic sizes of AN, Mf, MfAN, and
MfAND were about 42 + 2, 214 + 7, 361 + 18, and 354 + 8 nm,
respectively (Figure le). The corresponding zeta-potentials were
-16.7,-17.1,-22.5, and -7.7 mV, respectively (Figure 1f).

The cytotoxicity of the above NPs was evaluated by using the
CCK-8 assay. As shown in Figure 2a, as high as 60 pg mL™* AN
(AuNPs’ concentration) showed negligible cytotoxicity towards
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B16F10 cells, demonstrating its good biocompatibility. For Mf,
as high as 10 pg mL™" Mf exhibited negligible cytotoxicity, while
the Mf of higher concentration (>20 pg mL™) showed dose-
dependent cytotoxicity (Figure 2b). Based on the above cytotoxic-
ity assay, 5 pg mL™! Mf were selected for the following cell stud-
ies. We further evaluated the cytotoxicity of the assembled MfAN
NPs, which had 5 pg mL™! Mf but varying AN concentration. All
the MfAN NPs showed satisfactory cell viability towards B16F10
cells (Figure 2c). We also evaluated the cytotoxicity of MfD and
MfAND NPs. As shown in Figure 2d, compared with other NPs,
both MfD and MfAND NPs showed obvious cytotoxicity towards
B16F10 cells, which were attributed to the loaded DOX (Figure
S5, Supporting Information).

To understand the potential cellular internalization process
and release mechanisms, we have performed the following stud-
ies. First, to support the NPs entry in Scheme 1, we employed
TEM to image the MfAN NPs when co-cultured with cells at
different time points. Figure S6a, Supporting Information, sug-
gested that the intact MfAN NPs were observed in cells at early
stage; then MfAN NPs captured by endosome were observed in
Figure S6b, Supporting Information; later MfAN NPs were re-
leased from endosome and disassembled as Figure S6c, Support-
ing Information; no intact MfAN structure were seen in the cell
and only Au NPs were imaged in later stage, indicating the degra-
dation of MfAN NPs in cellular environment (Figure S6d, Sup-
porting Information). Meanwhile the intact structure of MfAN
NPs outside of the cells was observed (Figure S7, Supporting In-
formation), which further corroborated that MfAN was degraded
within the cellular environment. Then, we used the DOX release
as an example to investigate the payload-release mechanism from
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Figure 2. Cell viability of different treatments. a,b) B16F 10 cell viability of different AN and Mf concentrations. Concentrations as 0, 5, 10, 20, 40, and
60 pg mL~". c) B16F10 cell viability of different ratio of AN and Mf. Mf concentration was kept as 5 pg mL™". d) B16F10 cell viability of Mf (Mn;O,:
5 pg mL™1), MfD (Mn30,: 5 pg mL™!, DOX: 125 x 1072 m), AN (dsDNA: 6 pg mL™"), MfAN (Mn;0,: 5 pg mL~", dsDNA: 6 ug mL™"), MFAND (Mn;O,:
5 pg mL™1, dsDNA: 6 pg mL~', DOX: 125 x 1072 m), and Ctrl (PBS). Each error bar shows the standard deviation of four independent measurements.

the assembled NPs under different tumor microenvironments,
such as low pH and high glutathione (GSH) concentration. We
tested the different pH of 7.4, 6.5, and 5.5, and different GSH
concentrations of 0 X 1073, 1 x 1073, 2 X 1073, and 5 x 107* ™.
As shown in Figure S8, Supporting Information, although both
low pH and high concentration of GSH induced the release of
DOX, higher GSH concentration played a more pronounced role
in DOX releasing.

After the cytotoxicity analysis, we then studied the effects of
the designed NPs on the activation of STING pathway in vitro.
Considering that IFN-f is a vital cytokine in the STING signal
pathway, we determined the NPs-stimulated production of IFN-
B at the cellular level. First, we measured the production of IFN-f
in the NPs-treated B16F10 cancer cells. As shown in Figure 3b,
all groups induced negligible level of IFN-, suggesting that the
STING pathway in B16F10 cells might be suppressed. Itis known
that the STING pathway could be used to initiate the innate im-
mune system against virus, so we detected the antivirus activity of
B16F10 cells. As shown in Figure S9a, Supporting Information,
B16F10 cells had negligible antivirus activity. This was another
indication that the STING pathway in B16F10 cells was inhib-
ited. These two results also agreed well with previous reports that
the STING pathway in cancer cells was suppressed.3>3¢/ Now
that IFN-p is critical for the activation of antigen presenting cells
(e.g., macrophages and dendritic cells), here we chose RAW 264.7
macrophage as a model to investigate the activation of STING
pathway in vitro (Figure 3a). Once the macrophages phagocytose
these dying cancer cells, the released STING activators (such as
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dsDNA and CDNs) from the engulfed cancer cells stimulate the
production of IFN-g. We measured the expression of IFN-§ in
RAW 264.7 macrophages after engulfing different NPs-treated
dying cancer cells. As shown in Figure 3¢, all the NPs induced the
production of IFN-f. Moreover, the NPs containing dsDNA in-
duced higher level of IFN-f than those without dsDNA. Notably,
the control group without NPs treatment also induced the pro-
duction of IFN-, which could be attributed to the limited endoge-
nous dsDNA from the dying cancer cells. The Mf and MfD NPs
did not show significant differences compared with the control
group, suggesting that Mf and DOX were not effective STING ac-
tivators. The higher level of IFN-g induced by the NPs containing
dsDNA could be attributed to the higher immunogenicity of ex-
ogenous dsDNA, which was consistent with previous reports.l”]
Interestingly, MfAND showed better efficacy than the other two
dsDNA-contained NPs (i.e., AN and MfAN). This was probably
owing to the synergistic effects of DOX-mediated chemotherapy
and dsDNA-stimulated immunotherapy.

After demonstrating the immunostimulating efficacy in vitro,
we next investigated the antitumor activity of the NPs in vivo.
Here, we chose B16F10 tumor-bearing C57BL/6 mice as the tu-
mor model. After tumor formation, the mice were randomized
into six groups and treated with different NPs by intravenous in-
jection. The results are summarized in Figure 4a,b. All the three
NPs containing dsDNA (i.e.,, AN, MfAN, and MfAND) signifi-
cantly inhibited the tumor growth, suggesting that dsDNA de-
livered into tumors could activate the STING pathway for anti-
tumor immunity. MfD significantly inhibited the tumor growth,
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Figure 3. Detection of STING-mediated IFN-$ production. a) Scheme of detecting STING-mediated IFN-g production. b,c) Level of IFN-4 expression in
NPs-treated B16F10 cells and RAW 264.7 cells, respectively. Indicated treatments: Mf (Mn;O,, 5 ug mL™"), MfD (Mn;0,4: 5 pg mL™1, DOX: 125 x 10~°
M), AN (dsDNA: 6 pg mL™"), MfAN (Mn3Oy4: 5 pg mL~', dsDNA: 6 ug mL™1), MFAND (Mn3;O,4: 5 pug mL~!, dsDNA: 6 yg mL™!, DOX: 125 x 10~° m),
and Ctrl (PBS). Each error bar shows the standard deviation of four independent measurements. Data were analyzed with ordinary one-way ANOVA.

ik < 0.0001.

which was originated from the antitumor activity of DOX. More-
over, the average tumor volume in MfAND-treated group was
the smallest, only one sixth of the control group at sacrifice.
The MfAND-treated group containing both dsDNA and DOX ex-
hibited the most potent antitumor activity compared with the
other two dsDNA-contained NPs (i.e., AN and MfAN) and the
DOX-contained NP (i.e., MfD). The enhanced efficacy of MfAND
could be attributed to the synergistic effects of DOX-mediated
chemotherapy and dsDNA-stimulated immunotherapy.

With the potent antitumor activities, we also explored whether
the STING-activating NPs could benefit the survival rate.
C57BL/6 mice were transplanted intradermally with B16F10
cells, and then were treated with the different NPs at days 7, 9,
and 11. Mice were sacrificed when the tumor volume reached
1500 mm?. As the survival curves shown in Figure 4c, all the
three dsDNA-contained NPs significantly prolonged the mice
survival time and the MfAND showed the best outcome as long as
60 days.

Notably, our NPs were injected intravenously while the pre-
vious phosphorothioate-modified dsDNA as a STING activator
was administrated intratumorally.?®] The intravenous injection
would be more feasible and applicable to broader patients. The
intravenous injection was enabled by the NPs’ tumor accumula-
tion via enhanced permeability and retention (EPR) effect. The
succesful accumulation of the NPs in the tumor sites was con-
firmed by the MRI imaging and inductively coupled plasma (ICP)
measurements (Figures S10 and S11, Supporting Information).
It should also be noted that all the NPs with our doses showed
no signs of toxicity in vivo, as demonstrated by neither significant
change in body weight (Figure S12, Supporting Information) nor
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obvious physiopathological changes in major organs (Figure S13,
Supporting Information).

To demonstrate that the antitumor property of the dsDNA-
contained NPs was originated from STING activation, we moni-
tored the level of IFN-f in the peripheral blood because IFN-f is
a distinctive cytokine in STING pathway (Figure 4d,e). The level
of IFN-p changes over time, which is generally detectable at 2-9
h after treatments.’®3%) As shown in Figure 4d, the level of IFN-
B was not detectable at 3 h for all the NPs. However, IFN-f was
detected for the dsDNA-contained NPs at 6 h (Figure 4e), which
confirmed our assumption that exogenous dsDNA could activate
the STING pathway in vivo.

Tumor necrosis factor alpha (TNF-a), another important cy-
tokine participating in tumorigenesis inhibition, is related to the
antitumor ability.?*4%] Here, we detected the TNF-« in the periph-
eral blood. As shown in Figure 4{, all NPs-treated groups showed
the enhanced production of TNF-a. Phosphate-buffered saline
(PBS) as the control group had the lowest TNF-a and followed
by Mf, AN, and MfAN. MfAND group exhibited the highest pro-
duction of TNF-a. The trend of TNF-a production matched well
with the tumor inhibition efficacy.

As Scheme 1 shows, T cell priming and infiltration is the ad-
vanced step in STING-mediated immunotherapy. Therefore, we
evaluated the level of effector T cells in spleens after the NPs
treatment by flow cytometry. As shown in Figure 5a,b, effector
T cells in MfAND group exhibited the highest levels as 14.5%
CD4* cells and 9.11% CD8* cells, respectively. This was con-
sistent with the highest antitumor effect of MfAND. After an-
alyzing the phenotypes of T cells in spleen, we also evaluated
the infiltration of effector T cells in resected tumor by using

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Antitumor effect of the NPs in vivo. a) Tumor volume changes and b) corresponding tumor images of the indicated treatments. c) Survival
curves of the indicated treatments. d,e) Level of IFN-f in peripheral blood after indicated treatments at 3 and 6 h, respectively. f) Level of TNF-a in
peripheral blood after indicated treatments. Indicated treatments: Mf (Mn;O,, 5 mg kg™'), MfD (Mn;0,: 5 mg kg™!, DOX: 6 mg kg™'), AN (dsDNA:
10 pg kg™'), MfAN (Mn;0,: 5 mg kg™, dsDNA: 10 pg kg™'), MFAND (Mn;0,: 5 mg kg™', dsDNA: 10 pg kg~', DOX: 6 mg kg™"), and Ctrl (PBS). Each
error bar shows the standard deviation of four independent measurements. Data are shown by mean and deviation. e,f) Data were also analyzed with

ordinary one-way ANOVA. ***%*p < 0.0001.

immunohistochemical analysis. As shown in Figure 5c, dsDNA-
contained NP groups (i.e., AN, MfAN, and MfAND) showed
more effector T cells infiltration than the control group, which
could be attributed to the dsDNA-mediated STING activa-
tion. Among them, MfAND group showed the highest perfor-
mance in T cell infiltration, probably due to the synergistic ef-
fects of dsDNA-stimulated immunotherapy and DOX-mediated
chemotherapy. The results in Figures 4d,e and 5 demonstrated
that the designed NPs exhibited the antitumor immunity by in-
ducing the production of IFN-8, by increasing effector T cell and
enhancing effector T cell infiltration.

To demonstrate the general applicability of the STING-
activating NPs for antitumor immunotherapy, we developed an-
other tumor model by using 4T1 cells. As shown in Figure 6,
the 4T1 tumor-xenografted mice were treated with the different
NPs; very similar therapeutic results were obtained as for the
B16F10 tumor model. MfD showed antitumor efficacy because
of loaded DOX. All the three dsDNA-contained NPs (i.e., AN,
MfAN, and MfAND groups) significantly inhibited the tumor
growth. Among the three groups, the MfAND group showed the
best outcome due to the synergistic effects of dsDNA-stimulated
immunotherapy and DOX-mediated chemotherapy. We also ex-
plored the secondary effect model in Figure S14, Supporting In-
formation. Again, among the three dsDNA-contained groups,
the MfAND group showed the best outcome on the contralateral
model, which was consistent with reported studies.[*1*2]
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3. Conclusion

In summary, we have designed and synthesized the multi-
functional STING-activating NPs for synergistic antitumor
immunotherapy. We showed that all the dsDNA-contained
NPs successfully activated the STING pathway by inducing the
production of IFN-g, by increasing T cell priming and enhanc-
ing effector T cell infiltration. More excitingly, when injected
intravenously in tumor-bearing mice, the dsDNA-contained NPs
accumulated in tumors via EPR effect, effectively inhibited the tu-
mor growth, and prolonged the survival rate. Among the dsDNA-
contained NPs, the MfAND showed the high antitumor efficacy
both in vitro and in vivo, validating the synergistic therapeutic
effect of the dsDNA-stimulated immunotherapy and DOX-
mediated chemotherapy. In addition, we noted that there was a
detectable antitumor activity in Mf group for both tumor models
(Figures 4a and 6a). It is known that Mn,O, NPs have catalase-
mimicking activity and could act as an oxygenerator to produce
0, from H,0,.***1 On the other hand, hypoxia, one of the
prominent features of tumor microenvironment,*>¢! has been
regarded as an important factor in immunosuppression./*8]
Therefore, we hypothesized that the in situ generated O, by Mf
in the tumors would improve the tumor hypoxia and benefit
the immunotherapy. To demonstrate our hypothesis, first we
investigated the catalase-mimicking activity of Mf. As shown in
Figure S15, Supporting Information, the Mf NPs exhibited good

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of 4T1 tumor-bearing mice after the indicated treatments. Indicated treatments: Mf (Mn;O,: 5 mg kg™'), MfD (Mn;O,4: 5 mg kg™', DOX: 6 mg kg™'),
AN (dsDNA: 10 pg kg™'), MfAN (Mn;0,: 5 mg kg™, dsDNA: 10 pg kg™"), MFAND (Mn;O,: 5 mg kg~', dsDNA: 10 pg kg™', DOX: 6 mg kg™') and Ctrl
(PBS). Each error bar shows the standard deviation of four independent measurements.
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catalase-mimicking activity by converting H, O, into O,. We then
explored whether Mf could benefit the hypoxia improvement
in vitro by using deferoxamine (DFO) as a hypoxia inducer. As
shown in Figure S16, Supporting Information, Mf effectively re-
lieved the hypoxia. Hypoxia-induced factor 1a (HIF-1a) is the di-
rect regulator of hypoxia in tumor. Thus, we detected the HIF-1a
expression in tumor tissues by immunohistochemical analysis
(Figure S17, Supporting Information). The expression of HIF-1a
decreased in all the Mf-contained groups. These results indicated
that the catalase-mimicking Mf might benefit the antitumor
immunotherapy by overcoming the hypoxia in tumor microen-
vironment, the exact mechanism is still under investigation.
The current strategy is conceptually novel and advantageous
in several aspects: First, this is the first demonstration of NP-
enabled delivery of dsDNA as a STING agonist for STING-
mediated antitumor immunotherapy. Second, co-delivery of
chemical drug and STING activator achieved the synergistic an-
titumor therapy based on the self-assembled NPs. Last, the NPs
were multifunctional and tumor microenvironment responsive.
The NPs were decomposed in tumor area and released chem-
ical drug/STING activator for therapy, meanwhile the in situ
generated oxygen improved hypoxia and released Mn ion func-
tioned for MRI imaging. With the quick development of STING-
mediated signal pathway and the well-established nanomedicine,
we anticipate that the combination of the newly elucidated im-
munity mechanisms (such as STING-associated phagocytosis,
senescence, and antitumor activity) with innovative nanotech-
nologies (such as the one developed here) will benefit the further
cancer immunotherapy as well as other related diseases.[2>#%>°]

4. Experimental Section

Chemicals and Materials: Potassium permanganate (KMnOy,), H,0,
(30%), GSH, sodium citrate, ethanol, and oleic acid were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Chloroauric
acid (HAuCl,-3H,0) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Reagents for cell culture, including fetal bovine serum (FBS), PBS,
high glucose Dulbecco’s modified Eagle’s medium (DMEM), trypsin so-
lution, penicillin, and streptomycin, were from Thermo Fisher Scientific
(China). All antibodies were from BD Bioscience (R&D Systems Co., Ltd.).
Mouse IFN-§ detection kit and TNF-a detection kit were provided by
BD Bioscience. 59-nt poly(dT) ssDNA modified with HS-SH C6 at 3’ end
and 59-nt poly(dA) ssDNA were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China).

Cell Strains:  B16F10 (murine melanoma cell), 4T1 (murine mammary
cancer cell), and RAW 264.7 (leukemia cells in mouse macrophage) cells
were supplied by ATCC. CCK-8 kit was purchased from DOJINDO (Ku-
mamoto, Japan), nuclear dye Hochest 33342 was from Sangon Biotech
(Shanghai, China), and hypoxia detection kit was from Enzo Life Science,
Inc. (NY, USA). All reagents were used as received without further pu-
rification. Deionized water was used in all experiments (18.2 MQ cm,
Millipore).

Instrumentation:  SEM images were obtained by Zeiss Ultra 55 scan-
ning electron microscope operating at 3 kV. TEM images were obtained
by EOL JEM-2100 transmission electron microscope with an acceleration
voltage of 200 kV. UV-vis absorption spectra were measured by a spec-
trophotometer (UV-3600 Plus, Shimadzu, Japan). Absorption values of
microplates were collected by SpectraMax M2/M2e (Molecular Devices,
USA). Dynamic lighting scattering and zeta-potential distribution were
measured by a Nanosizer ZS90 (Malvern Zetasizer, Malvern). MRI was
performed on a 7.0 T small animal MR scanner (Bruker PharmaScan,
Germany).
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Synthesis of Mn;O,: Mn;O,4 nanoflower (Mf) was synthesized ac-
cording to a previous procedure.3233] Briefly, 1.0 g of KMnO, was dis-
solved in 500 mL of water and then stirred for 30 min. A total of 10.0 mL
of oleic acid was added to the KMnO, solution. The solution was stirred
for about 5 h at the room temperature until the color changed from mod-
ena to brown-black. The brown-black product was collected and washed
with deionized water and ethanol for three times each. The product was
then dried at 80 °C for 10 h to get the precursor, which was calcined at
200 °C for 5 h to obtain monodispersed Mf.

Synthesis of Au-dsDNA: Gold NPs (AuNPs) were prepared by us-
ing the citrate reduction method.3'l AUNPs conjugated with thiolated-
ssDNA (Au-ssDNA) were prepared by a salt-aging procedure.34! In brief,
100 pL of AuNPs stock solution was incubated with thiolated-ssDNA (59-
nt poly(dT)) overnight. NaCl was slowly added to increase ionic strength
every 12 h until the final NaCl concentration was 0.15 M. Au-ssDNA was
collected and resuspended in 10 X 1073 m at pH 7.4 phosphate buffer
(containing 0.15 M NaCl). Au-dsDNA (i.e., AN) was obtained by anneal-
ing the Au-ssDNA and the complementary ssDNA (59-nt poly(dA)), and
stored in 4 °C for later use.

Synthesis of MfAN and MfAND: MfAN and MfAND were freshly pre-
pared before use. AN and Mf were incubated for 10 min with weak soni-
cation to get MfAN. MfAND was obtained by mixing DOX with MfAN.

Cell Culture and Cytotoxicity Analysis: B16F10, 4T1, and RAW 264.7
cells were cultured with 10% FBS and high glucose DMEM at 37 °Cina 5%
CO, incubator. For cytotoxicity analysis, cells were subcultured overnight
into 96-well plates at a density of 8 x 103 cells per well. Next day, cells were
treated with NPs with appropriate concentrations. After the treatments,
cell counting kit-8 (CCK-8) assay was used to assess the cell viability.

Improvement of Hypoxia Microenvironment: Oxygen generation ability
of Mf was detected by a hypoxia detection kit in vitro. Cells were subcul-
tured into a confocal culture dish. Next day, the cells were washed three
times with PBS, incubated with 5 ug mL™ Mffor 4 h, and refreshed with the
culture medium containing hypoxia detection reagent and hypoxia inducer
DFO (200 x 107% m final concentration) for 3.5 h (normal culture condition
at 37 °C in 5% CO, incubator). Later, the cells were gently washed three
times with PBS, fixed, and stained with nuclei dye Hochest 33342. Finally,
cell imaging was obtained by confocal laser scanning microscopy (CLSM,
1X-83, Olympus and Andor). Hypoxia probe: EX/EM 570 nm/596 nm,
Hochest 33342: EX/EM 350 nm /460 nm.

Phagocytosis In Vitro:  First, B16F10 cells were subcultured overnight
into six-well plates with 3 x 10° seeding density. When the confluency
was up to 70%, cells were treated with the following groups: Mf (Mn;Oy,:
5 pug mL"), MfD (Mn;0,4: 5 ug mL™", DOX: 125 x 107° m), AN (dsDNA:
6 pg mL"), MfAN (Mn;O,: 5 pg mL™', dsDNA: 6 pg mL™"), MfAND
(Mn;0,4: 5 pug mL™!, dsDNA: 6 pg mL™!, DOX: 125 x 1072 m), and Ctrl
(PBS). After these treatments, the culture supernatant of B16F 10 cells was
collected for IFN-p detection. Meanwhile these treated B16F 10 cells were
placed under the UV radiation to kill all the cells. Later, these dying B16F10
cells were fed to RAW 264.7 cells. After the phagocytosis of dying B16F10
cells, the culture supernatant of RAW 264.7 cells was collected and pre-
pared for IFN-f detection.

Ability of Antivirus In Vitro:  To detect the antiviral ability, B16F10 and
RAW 264.7 cells were seeded overnight into six-well plates at a density of 3
x 10% per well. When the confluency was up to 50%, cells were washed and
infected with adenovirus of expression green fluorescence protein (multi-
plicity of infection = 30). The cells were refreshed with new culture medium
after 6 h of infection. After 24 h, cells were imaged with a fluorescence mi-
croscope (Jiangnanyongxin Corporation, Nanjing, China).

Tumor Model In Vivo:  For antitumor model, C57BL/6 mice (male, 4-6
week, ~20 g) were purchased from Nanjing Medical University and raised
in a specific pathogen-free environment. B16F10 cells were harvested and
then transplanted intradermally to the right flank of mice with the density
of 5 x 10° cells per mouse. When the volume of tumor reached 50 mm?
(volume calculated according the formula V = length X width x width/2,
the length and width of tumor were measured by digital calipers), mice
were separated into six groups with randomization, and treated with de-
signed NPs by intravenous injection every 2 days. Six treatment groups
were as follow: Mf (Mn;0,4: 5 mg kg™"), MfD (Mn;0,4: 5 mg kg~!, DOX:
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mg kg™'), AN (dsDNA: 10 pg kg™'), MfAN (Mn;O,: 5 mg kg™', dsDNA:
10 pg kg™'), MfAND (Mn;O4: 5 mg kg™', dsDNA: 10 pg kg™!, DOX:
6 mg kg™"), and Ctrl (PBS). Mice were sacrificed when tumor volume was
more than 2000 mm3.

For survival model, C57BL/6 mice (male, 4-6 week, ~20 g) were trans-
planted intradermally with tumor cells as the above. Later, the mice were
randomized into six groups with the same treatments as the antitumor
model. Mice were intravenously injected with designed NPs three times at
days 7, 9, and 11, respectively. When tumor volume was more than 2000
mm?3, mice were sacrificed.

All the animal studies were approved by the Committee for Experimen-
tal Animals Welfare and Ethics of Nanjing Drum Tower Hospital, the Affil-
iated Hospital of Nanjing University Medical School.

Quantification of Cytokines in Serum of Peripheral Blood: Peripheral
blood was collected at 0, 3, 6, and 9 h after NPs treatment. Indicated
groups were Mf (Mn;O,: 5 mg kg™'), MfD (Mn;O,4: 5 mg kg™', DOX:
6 mg kg'), AN (dsDNA: 10 pg kg™"), MfAN (Mn;O,: 5 mg kg, ds-
DNA: 10 pg kg™'), MFAND (Mn;0,: 5 mg kg™, dsDNA: 10 pg kg™', DOX:
6 mg kg™'), and Ctrl (PBS). Blood was left at room temperature for 20 min
to clot and then centrifuged to obtain serum. The levels of IFN-f and TNF-
a were detected by mouse IFN-# and TNF-a enzyme-linked immunosor-
bent assay kits, respectively, operated according to the standard manuals.

Immunohistochemical Analysis of Dissected Tumor: The dissected tu-
mors were acquired after the indicated treatments, and then were
mounted with OCT compound. Five micrometer slices were separated by
microtone and imaged by CLSM after series of blocking-washing-staining
standard procedures.

Quantitative Analysis of Effector T Cells in Spleen: Mice were sacrificed
for spleens after indicated treatments. Fresh spleens were washed with
PBS three times and later were carefully grinded with syringe’s rubber end
to get cell suspension. Cell suspensions were treated with red blood cell
lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China), cen-
trifuged, and washed at least three times. The 1 x 106 cells of each treat-
ment were prepared for flow cytometry analysis through series of blocking-
washing-staining procedures according to standard protocols. Note that
all the procedures should be operated in a sterile environment.

Supporting Information

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