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A Manganese Phosphate Nanocluster Activates the
cGAS-STING Pathway for Enhanced Cancer Immunotherapy

Min Gao, Yu-Qing Xie, Kewen Lei, Yu Zhao, Armand Kurum, Simon Van Herck,
Yugang Guo, Xiaomeng Hu, and Li Tang*

Targeting the stimulator of interferon genes (STING) pathway with cyclic
dinucleotides (CDNs), the natural STING agonists, is a promising
immunotherapeutic strategy for cancer. However, the clinical application of
natural CDNs as therapeutics is greatly hindered by their intrinsic properties
including negative charges, small molecular weight, and high susceptibility to
enzymatic degradation. Mn2+ ions have been recently discovered to directly
activate the cyclic GMP-AMP (cGAMP) synthase (cGAS) and augment
cGAMP-STING binding affinity. Here, a PEGylated manganese(II) phosphate
(MnP-PEG) nanocluster is developed with high biocompatibility and potent
capacity to stimulate the cGAS-STING pathway. MnP-PEG nanoclusters
activate the immature bone marrow-derived dendritic cells (DCs) leading to
57.3- and 13.3-fold higher production of interferon 𝜷 and interleukin-6 than
free cGAMP, respectively. The potent STING activation capacity is likely due
to the efficient cellular internalization of MnP-PEG nanoclusters by DCs and
acid-triggered release of Mn2+ ions in the endolysosomes. Intratumoral
administration of MnP-PEG nanoclusters markedly enhances tumor
infiltration as well as maturation of DCs and macrophages, and promotes
activation and cytotoxicity of T cells and natural killer cells in the tumor.
MnP-PEG nanocluster in combination with a checkpoint inhibitor leads to
significant tumor regression in the B16F10 murine melanoma model without
any overt toxicities.
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1. Introduction

Stimulator of interferon genes (STING)
pathway has emerged as a promising tar-
get for cancer immunotherapy. Activation
of STING protein on the endoplasmic retic-
ulum (ER) surface triggers the downstream
signaling events via the recruitment and ac-
tivation of TANK-binding kinase 1 (TBK1),
interferon regulatory factor 3 (IRF3), and
nuclear factor Kappa B (NF-𝜅B),[1–3] which
induce the expression and secretion of type
I interferons (IFNs) and proinflammatory
cytokines, such as IFN-𝛽 and interleukin-
6 (IL-6).[4,5] Type I IFNs subsequently pro-
mote maturation and antigen presentation
of dendritic cells (DCs) and thereby T cell
priming orchestrating the innate and adap-
tive immunity against cancer. Therapeutic
benefits of targeting STING pathway have
been demonstrated in preclinical murine
tumor models.[6–9] Several clinical trials are
ongoing to assess the antitumor efficacy of
STING agonists in mono- or combination
therapies.[10]

Cyclic dinucleotides (CDNs) are natural
STING agonists but the clinical applica-
tion of CDNs as immunotherapeutics re-
mains a significant challenge. Owing to the

intrinsic properties of negative charge and small molecular
weight, CDNs have poor cytosolic bioavailability and undesired
pharmacokinetics in vivo.[11] In addition, they are highly suscep-
tible toward enzymatic degradation primarily by ecto-necleotide
pyrophosphatase phosphodiesterase 1 (ENPP1).[2] Ligands alter-
native to CDNs and nanoparticles or hydrogels carrying CDNs
are being actively pursued in order to overcome these limita-
tions for the clinical applications.[7,8,11–19] Despite these ongoing
efforts, a facile therapeutic intervention that targets STING path-
way is highly desired.
Manganese (Mn) is an essential trace element to human

health, which is involved inmany physiological processes includ-
ing antitumor immune responses.[20–22] Recently,Mn2+ ions have
been discovered to directly activate the cyclic GMP-AMP syn-
thase (cGAS), the cytosolic DNA sensor, to synthesize 2′3′-cyclic
GMP-AMP (referred as cGAMP for simplicity).[21,23] However, di-
rect administration of Mn2+ ion in vivo results in insufficient ac-
cumulation of Mn2+ ions to reach an effective concentration in
the tumor microenvironment[24] and the diffusion of Mn2+ ions
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Figure 1. Schematic illustration of the synthesis and cGAS-STING activation mechanism of MnP-PEG nanoclusters. PEG-Ale, polyethylene glycol conju-
gated with a terminal alendronate; A, adenosine monophosphate; G, guanosine monophosphate; 2′3′-cGAMP, 2′3′-cyclic GMP-AMP; dsDNA, double-
stranded DNA; ER, endoplasmic reticulum; TBK1, TANK binding kinase 1; IRF3, interferon regulatory factor 3; NF-𝜅B, nuclear factor kappa B.

into other tissues, such as brain, leading to potential toxicity.[25]

Here, we developed an Mn-based nanoparticulate STING ago-
nist that could effectively activate the STING pathway in vitro and
elicit robust anticancer immune responses in vivo (Figure 1). We
prepared a polyethylene glycol (PEG)-modified manganese(II)
phosphate nanocluster (MnP-PEG) using a facile coprecipitation
method in solution at ambient temperature.MnP-PEGnanoclus-
ters were efficiently internalized by DCs through endocytosis and
subsequently released Mn2+ ions triggered by the acid condi-
tion in the endolysosomes leading to potent STING activation.
MnP-PEG administered in vivo promoted infiltration and matu-
ration of DCs and macrophages and augmented activation and
granzyme B production of CD8+ T cells and natural killer (NK)
cells in the tumor microenvironment. When combined with a
checkpoint blockade antibody, MnP-PEG synergistically boosted
antitumor efficacies by inhibiting tumor progression in a mouse
melanoma model.

2. Results and Discussion

We first sought to synthesize an Mn-loaded nanoparticle that
is biocompatible and stay non-aggregated in physiological
conditions. Inspired by the synthesis of calcium phosphate
nanoparticles,[26,27] we fabricated manganese(II) phosphate
(MnP) particles by mixing the Mn2+ and PO4

3- ions in solution.

The as obtained MnP particles were in micro-size and unstable
(Figure S1, Supporting Information). In order to stabilize MnP
particles, we added a phosphate-functionalized PEG (PEG-
Ale) polymer[28] during the nanoparticle synthesis to obtain
PEGylated MnP (MnP-PEG) (Figure 1; Figure S2, Supporting
Information). MnP-PEG are nanoclusters with an average
diameter of 150.0 ± 39.7 nm (Figure 2A,B). The successful PE-
Gylation of MnP-PEGwas evidenced by the shift of zeta-potential
from positive to slightly negative (from 12.6 to −11.0 mV) (Fig-
ure 2C). MnP-PEG was stable and stayed non-aggregated in the
phosphate-buffered saline (PBS) buffer for at least one week
(Figure 2D). Analysis of scanning electron microscopy-energy
dispersive X-ray (SEM-EDX) further confirmed the uniformed
element distribution of Mn (49.2%), P (18.6%), and O (32.0%)
in MnP-PEG nanoclusters (Figure 2E). Importantly, MnP-PEG
exhibited good biocompatibility and low toxicities against
B16F10 melanoma tumor cells even at high concentrations
(Figure 2F).
We next assessed the STING activation capacity of MnP-

PEG nanoclusters in vitro. Using the THP1-Dual reporter cell
line,[29] a human monocytic cell line with a stably integrated
IRF-inducible reporter construct, we showed that MnP-PEG nan-
oclusters induced luminescence signals in a dose-dependent
manner. At a concentration of Mn2+ ions as low as 0.1 mm,
MnP-PEG elicited as potent IFN-luciferase response as cGAMP
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Figure 2. Characterizations of MnP-PEG nanoclusters. A) Dynamic light scattering results of MnP particles and MnP-PEG nanoclusters. B) TEM image
of MnP-PEG nanoclusters. The scale bar is 100 nm. C) Zeta potentials of MnP particles and MnP-PEG nanoclusters. D) Size monitoring of MnP-PEG
nanoclusters in the PBS solution (pH = 7.4) over time. E) SEM-EDX image of MnP-PEG nanoclusters. The scale bar is 500 nm. F) Percentages of cell
viability of B16F10 cells incubated with MnP-PEG nanoclusters at different concentrations for 24 h. All data represent mean± standard error of the mean
(SEM) (n = 3), and are analyzed by one-way ANOVA and Tukey’s test; *p < 0.05; ns, not significant.

(1.5 µm)[30–32] in a 24-hour incubation assay (Figure 3A), indi-
cating that MnP-PEG nanoclusters could effectively activate the
cGAS-STING pathway. Notably, treatment withMnP-PEG at con-
centrations below 0.75mm showedminimal impact on the viabil-
ity of THP1-Dual cells up to 24-hour incubation (Figure S3, Sup-
porting Information). However, when the incubation time was
extended to 48 h, more potent STING activation effect was ob-
served along with higher cytotoxicity (Figure S4, Supporting In-
formation). IFN-𝛽 is one kind of type I IFNs and an important in-
dicator of the STING pathway activation. We further determined
the IFN-𝛽 production in the DC2.4 dendritic cell line using the
enzyme-linked immunosorbent assay (ELISA) (Figure 3B). Incu-
bation of DC2.4 cells withMnP-PEG nanoclusters at a concentra-
tion of [Mn] = 0.5 and 0.25 mm induced significant secretion of
IFN-𝛽 in the culture, which was 3.6- and 2.4-fold higher than that
of soluble cGAMP, respectively. In addition,MnP-PEG nanoclus-
ters ([Mn]= 0.25mm) increased themRNA levels of genes encod-
ing pro-inflammatory cytokines, including Ifnb1, Il6, Tnfa, to a
higher or comparable extent in comparison with cGAMP asmea-
sured by quantitative reverse transcription polymerase chain re-
action (qRT-PCR) (Figure 3C–E). In line with the enhanced type
I IFN and cytokine production, we found the treatment of MnP-
PEG nanoclusters, but not the free cGAMP (1.5 µm), led to robust
activation of DC2.4 cells as indicated by the markedly increased
expression of maturation markers such as CD80, CD86, and ma-
jor histocompatibility complex class II (MHC-II) (Figure 3F–H).
Next, we tested whether MnP-PEG could activate the STING

pathway in primary DCs. We collected the immature bone

marrow-derived dendritic cells (BMDCs) from C57BL/6 mice
and cultured them in the presence of granulocyte-macrophage
colony-stimulating factors (GM-CSF). In agreement with the
results of DC2.4 cells, MnP-PEG treatment induced remark-
able production of IFN-𝛽 and IL-6 at a similar dose-dependent
manner (Figure 4A,B). BMDCs treated by MnP-PEG at the
concentration of [Mn] = 0.5 mm secreted 57.3- and 13.3-fold
higher amount of IFN-𝛽 and IL-6 than the free cGAMP, re-
spectively. In addition, MnP-PEG treatment resulted in ele-
vated expression of CD80, CD86, and MHC-II, suggesting that
MnP-PEG induced maturation of BMDCs (Figure 4C–E). Be-
sides DCs, we found MnP-PEG also activated the STING path-
way in macrophages. When RAW264.7 murine macrophages
were exposed to MnP-PEG nanoclusters, they produced a sig-
nificant amount of IFN-𝛽 in a dose-dependent manner (Figure
S5, Supporting Information). Similarly, the treatment of MnP-
PEG nanoclusters promoted the expression of CD80, CD86, and
MHC-II in RAW264.7 macrophages (Figure S6, Supporting In-
formation), suggesting that MnP-PEG also induced macrophage
maturation.
In order to understand how MnP-PEG could stimulate the

cGAS-STING pathway, we incubated DC2.4 cells with fluores-
cently labeled MnP-PEG nanoclusters to investigate the cellu-
lar interactions (Figure S7, Supporting Information). MnP-PEG
nanoclusters labeled with Alex Fluor 488 exhibited massive cel-
lular internalization as evidenced by the measurement of mean
fluorescent intensity (MFI) by flow cytometry (Figure 5A,B). The
fluorescence intensity detected inDC2.4 cells treatedwith labeled
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Figure 3. MnP-PEG nanoclusters activated the STING pathway in THP1-Dual and DC2.4 cells. A) Fold increase of IFN-induced luminescence signals
(IFN-Luc Int.) in THP1-Dual cells incubated with cGAMP (1.5 and 7.5 µm) or MnP-PEG nanoclusters at different concentrations for 24 h as compared to
that of PBS control. B) IFN-𝛽 levels in the supernatant of DC2.4 cells incubatedwith cGAMP (1.5 µm) orMnP-PEGnanoclusters at different concentrations
for 24 h. C–E) RT-qPCR analysis of mRNA expression of Ifnb1, Il6, and Tnfa in DC2.4 cells incubated with cGAMP (1.5 µm) or MnP-PEG nanoclusters
([Mn] = 0.25 mm) for 24 h. F–H) Flow cytometry analysis and quantification of mean florescence intensity (MFI) of maturation markers (CD80, CD86,
MHC-II) on DC2.4 cells incubated with cGAMP (1.5 µm) or MnP-PEG nanoclusters ([Mn] = 0.25 mm) for 24 h. All data represent mean ± SEM (n = 3),
and are analyzed by one-way ANOVA and Tukey’s test, ** p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Figure 4. MnP-PEG nanoclusters activated the STING pathway in BMDCs. A,B) IFN-𝛽 and IL-6 levels in the supernatant of BMDCs incubated with
cGAMP (1.5 µm) or MnP-PEG nanoclusters at different concentrations for 24 h. C–E) Flow cytometry analysis and quantification of MFI of maturation
markers (CD80, CD86, MHC-II) on BMDCs incubated with cGAMP (1.5 µm) or MnP-PEG nanoclusters ([Mn] = 0.25 mm) for 24 h. All data represent
mean ± SEM (n = 3), and are analyzed by one-way ANOVA and Tukey’s test, *p < 0.05, ***p < 0.001, ****p < 0.0001; ns, not significant.

MnP-PEG nanoclusters was 76.8-fold higher than that of cGAMP
with the equivalent fluorescent labeling. cGAMP showed low
cell membrane permeability and cellular internalization likely
due to the negative charges. We further confirmed the cellular
internalization and investigated the intracellular distribution of
MnP-PEG nanoclusters with confocal laser scanningmicroscopy
(CLSM). The CLSM images showed that MnP-PEG nanoclusters
were internalized by cells through endocytosis and co-localized
with endolysosomes (Figure 5C). The amount of internalized
MnP-PEG nanoclusters by DC2.4 cells increased over time (Fig-
ure S8, Supporting Information). Due to the acidic environ-
ment inside the endolysosomes,[14] we speculated that MnP-PEG
would releaseMn2+ ions, which subsequently entered the cytosol
and activated the cGAS-STING pathway. Tomimic the acidic con-
dition of lysosomes, MnP-PEG nanoclusters were exposed to an
acid solution (pH 5.4), in which the average diameter decreased
from 150 nm to ≤5 nm within 24 h indicating the quick dissolu-
tion of the nanoclusters (Figure 5D). In addition, we measured
the released Mn2+ ions using inductively coupled plasma mass

spectrometry (ICP-MS). MnP-PEG nanoclusters in acidic condi-
tion released 19.8% of Mn2+ ions within 24 h (Figure 5E).
Encouraged by the in vitro results showing enhanced STING

activation capacity of MnP-PEG nanoclusters, we next examined
whether MnP-PEG could activate immune cells in vivo. C57BL/6
mice bearing B16F10 tumors were intratumorally injected with
MnP-PEG nanoclusters and sacrificed for flow cytometry analy-
sis of tumor infiltrating immune cells (Figure 6A). Treatment of
MnP-PEG nanoclusters markedly promoted tumor infiltration of
DCs and macrophages (Figure 6B,C). In particular, the counts of
intratumoral plasmacytoid DCs (pDC, defined as CD11c+Siglec-
Hhigh), which have been reported as the principal type I IFN-
producing cells,[33] were increased 7.2-fold as compared to the
non-treatment control (Figure S9A, Supporting Information). In
addition, the expression of CD86 on DCs as well as CD80, CD86,
and MHC-II on pDCs were significantly upregulated (Figure 6D;
Figure S9B–D, Supporting Information), suggesting that MnP-
PEG nanoclusters induced significant DC maturation in the tu-
mor microenvironment. Upon activation of STING pathway in
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Figure 5. MnP-PEG nanoclusters were endocytosed by DC2.4 cells and released Mn2+ ions in response to acidic pH. A,B) Representative histograms
and MFI of DC2.4 cells incubated with PBS, Alex Fluor 488-labeled cGAMP, or MnP-PEG nanoclusters for 2 h as analyzed by flow cytometry. C) Confocal
laser scanning microscopy images of DC2.4 cells incubated with PBS, Alex Fluor 488-labeled cGAMP, or MnP-PEG nanoclusters for 2 h. The scale bar
is 5 µm. D) Size monitoring of MnP-PEG in the PBS (pH 5.4) solution by dynamic light scattering. E) pH-responsive cumulative release of Mn2+ ions
from MnP-PEG nanoclusters. All data represent mean ± SEM (n = 3), and are analyzed by one-way ANOVA and Tukey’s test, *p < 0.05.
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×

Figure 6. MnP-PEG nanoclusters remodeled the tumor immune microenvironment. A) C57BL/6 mice bearing subcutaneous (s.c.) B16F10 melanoma
tumors were treated intratumorally (i.t.) with PBS or MnP-PEG for 3 doses and sacrificed for flow cytometry analysis of tumor-infiltrating immune cells.
B,C) Counts of DCs and macrophages. D) MFI of CD86 on DCs. Percentages of CD69+ subset among E) CD8+ T cells, F) CD4+ T cells, and G) NK cells.
MFI of granzyme B (GrzB) production in H) CD8+ T cells, I) CD4+ T cells, and J) NK cells. All data represent mean ± SEM (n = 5), and are analyzed by
two-sided Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

DCs and macrophages by MnP-PEG nanoclusters, the secreted
type-I IFNs and proinflammatory cytokines could further prime
the cytotoxic lymphocytes. Indeed, the frequencies of activated
(CD69+) tumor-infiltrating CD8+ and CD4+ T cells and NK cells
were significantly increased (Figure 6E–G). Furthermore, the
production of granzyme B by CD8+, CD4+ T cells, and NK cells
was greatly enhanced, suggesting that the treatment ofMnP-PEG
nanoclusters promoted the cytotoxicity of tumor-infiltrating lym-
phocytes (Figure 6H–J).[34]

The markedly enhanced in vivo activation of DCs and tumor-
infiltrating lymphocytes by MnP-PEG nanoclusters motivated us

to evaluate its antitumor efficacy. In a therapeutic experiment set-
ting, C57BL/6 mice were first inoculated with B16F10 cells (2 ×
105), a murine melanoma model that is poorly immunogenic,
followed by multiple injections of MnP-PEG (intratumoral [i.t.]),
anti-PD-1 antibody (intraperitoneal [i.p.]) or the combination of
these two every other day (Figure 7A). The treatment of MnP-
PEG nanoclusters alone led to enhanced capacity in inhibiting
tumor growth compared to the anti-PD-1 antibody treatment dur-
ing the first 12 days but failed to control the tumor growth later
(Figure 7B,C). The combination therapy of MnP-PEG nanoclus-
ters and anti-PD-1 antibody induced synergistic therapeutic effect
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Figure 7. MnP-PEGnanoclusters induced antitumor efficacy inmono- or combination therapies. A) C57BL/6mice bearing s.c. B16F10melanoma tumors
were treated starting from day 6 with PBS (i.t.), anti-PD-1 antibody (i.p.), MnP-PEG (i.t.), or the combination of antibody (i.p.) and MnP-PEG (i.t.) every
two days for 6 doses. B) Tumor growth curves. Data are analyzed by two-way ANOVA and Tukey’s test (shown are results of day 16). C) Individual
tumor growth curves. D) Relative body weight of treated mice. E,F) Serum levels of aspartate aminotransferase (AST) and alanine transaminase (ALT).
All data represent mean ± SEM (n = 5), and are analyzed by one-way ANOVA and Tukey’s test, ***p < 0.001, ****p < 0.0001; ns, not significant; i.p.,
intraperitoneal.

with significant tumor regression (Figure 7B,C). Notably, either
MnP-PEG nanoclusters alone or the combination of MnP-PEG
nanoclusters and anti-PD-1 antibody exhibited no acute toxicity
as all the treated mice showed no loss of body weight or elevation
of serum levels of liver enzymes (Figure 7D–F). The high safety
profile of Mn-based STING agonist observed here was consistent
with the previously reported results.[22]

3. Conclusion

In summary, we developed a biocompatible MnP-PEG nanoclus-
ter that effectively stimulated the cGAS-STING pathway in vitro
and in vivo leading to potent antitumor immune responses. The
MnP-PEG nanoclusters were efficiently endocytosed by DCs and
rapidly released a large number of Mn2+ ions in response to the
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acidic environment in the endolysosomes. The intracellularly re-
leased Mn2+ ions have dual functions according to previous re-
ports, 1) to directly activate the cytosolic DNA sensor, cGAS, to
synthesize cGAMP,[23] and 2) to augment cGAMP-STING bind-
ing affinity.[21] Therefore, MnP-PEG nanoclusters exhibited po-
tent cGAS-STING stimulating capacity.
As a non-nucleotidyl, nanoparticulate STING agonist, MnP-

PEG nanocluster possesses several advantages as compared to
natural CDNs, which could potentiate their future clinical ap-
plications. Slightly negatively charged surface (zeta potential
−11.0 mV) as well as the suitable nanosize (diameter around
150.0 nm) of MnP-PEG nanoclusters render them potentially
improved pharmacokinetics and enhanced retention in the tu-
mor. MnP-PEG nanoclusters are resistant to enzymatic degrada-
tion and show good stability in buffers mimicking physiological
conditions. The synthesis of MnP-PEG nanoclusters is a facile,
scalable, and solution-based method, whichmight be compatible
with large scale manufacturing process. We also found the MnP-
PEG nanoclusters had excellent biocompatibility in vitro and in
vivo. As Mn is an essential trace element to human health,[20,21]

we anticipate that theMn-based STINGagonistsmight have good
safety profiles for the clinical use.
Direct administration of free Mn2+ ions in vivo is in general

much less effective as a therapeutic intervention because Mn2+

ions do not retain in the tumor microenvironment. In addition,
the abundant PO4

3– and CO3
2– ions in the physiological condi-

tion may form Mn-consisting particles in situ with the injected
Mn2+ ions (Figure S10, Supporting Information).[35,36] The ran-
domly formed Mn-based particles in vivo may cause undesired
variation and unexpected side effects, such as autoimmune re-
sponses, complexing the clinical results. To facilitate efficient tu-
mor delivery of Mn2+ ions, nanoparticle and hydrogel based de-
livery systems have been developed as recently reported in several
elegant studies.[24,37,38] TheMnP-PEGnanocluster described here
has well characterized physicochemical properties and does not
require any additional chemotherapy or radiotherapy to generate
intracellular double-stranded DNA for activation of the cGAS-
STING pathway, and, therefore, represents a simple yet potent
nanoparticulate STING activator.

4. Experimental Section
Materials: Manganese chloride (MnCl2), disodium hydrogen phos-

phate (Na2HPO4), sodium chloride (NaCl), alendronate sodium trihy-
drate (Ale), sodium hydroxide (NaOH), 2-mercaptoethanol, bovine serum
albumin (BSA), dimethyl sulfoxide (DMSO), and paraformaldehyde (PFA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methoxy-PEG
succinimidyl carboxymethyl ester (mPEG-NHS, Mn ≈ 5000 Da) was
purchased from JenKem Technology (Plano, TX, USA). Alexa Fluor 488
N-hydroxysuccinimide (NHS) ester, trihydrochloride (Hoechst 33342),
Aqua live/dead stain, and Cell Activation Cocktail were purchased from
Invitrogen (Carlsbad, CA, USA). Reagents for cell culture, including
phosphate buffered saline (PBS), fetal bovine serum (FBS), high glucose
Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park Memorial
Institute (RPMI) 1640 medium, trypsin solution, penicillin/streptomycin,
HEPES, l-glutamine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT), and other experimental related reagents, such as Maxima SYBR
Green Master Mix, 4′,6-diamidino-2-phenylindole (DAPI), IL-6 mouse
ELISA kit, and ACK lysing buffer were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Murine granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from PeproTech (London,

UK). ProLong diamond antifade mountant, LysoTracker Red DND-99,
Cyto-Fast Fix/Perm Buffer, and all antibodies for flow cytometry analysis
were purchased from Biolegend (San Diego, CA, USA). Cyclic guanosine
monophosphate–adenosine monophosphate (cGAMP), QUANTI-Luc,
Normocin and Lumikin Xpress mIFN-𝛽 2.0 were purchased from In-
vivoGen (San Diego, CA, USA). cGAMP (Alex Fluor-488) was purchased
from BioLog GmbH (Büttelborn, Germany). The Stanbio Chemistry
Reagents were purchased from Stanbio Laboratory (Boerne, TX, USA).
The anti-PD-1 antibody (Clone: 29F.1A12) was purchased from BioXcell
(West Lebanon, NH, USA). Unless otherwise noted, all chemical and
biological reagents were used as received.

Mice and Cell Lines: All mouse experimental procedures have been
approved by the Swiss authorities (Canton of Vaud, animal protocol ID
3206 and 3533) and performed in accordance with the guidelines from
EPFL CPG facility. Six to eight-week-old female C57BL/6 mice were pur-
chased from Charles River Laboratories (Lyon, France) and maintained in
the UDP animal facility. The THP1-Dual cell, a reporter cell line for NK-
𝜅B and IRF, was originally acquired from InvivoGen. The DC2.4 mouse
dendritic cell line was a kind gift from Dr. K. L. Rock (Dana-Farber Can-
cer Institute). B16F10 murine melanoma cells and RAW264.7 cells were
originally acquired from the American Type Culture Collection (ATCC,
Manassas, VA, USA). THP1-Dual cells were cultured in RMPI 1640, sup-
plemented with FBS (10%, v/v), penicillin/streptomycin (1%, v/v), l-
glutamine (2 mm), HEPES (25 mm), and Normocin (100 µg mL–1). The
DC2.4 cells were cultured in in RMPI 1640, supplemented with FBS
(10%, v/v), penicillin/streptomycin (1%, v/v), and l-glutamine (2 mm).
B16F10 were cultured in DMEM, supplemented with FBS (10%, v/v)
and penicillin/streptomycin (1%, v/v). RAW264.7 cells were cultured in
DMEM, supplemented with FBS (10%, v/v) and penicillin/streptomycin
(1%, v/v). Immature bone marrow-derived dendritic cells (BMDCs) were
isolated from C57BL/6 mice (Charles River laboratory, Wilmington, MA,
USA), and cultured in RPMI 1640 complete medium containing HI-FBS
(10%, v/v), penicillin/streptomycin (1%, v/v), l-glutamine (2 mm), and 2-
mercaptoethanol (50 µm) with GM-CSF (20 ng mL–1) for 6 days at 37 °C
with CO2 (5%) before use.

Instrument: Nuclear magnetic resonance (NMR) spectra were ac-
quired on a Bruker AVANCE NEO 400 MHz spectrometer (Billerica, MA,
USA). The size and surface charge of MnP-PEG and MnP were measured
by dynamic light scattering (DLS) on a Malvern NanoZS (Worcester, UK).
The transmission electronmicroscopy (TEM) imageswas taken by FEI Tec-
nail Osiris TEM instrument (200 kV, Hillsboro, OR, USA) equipped with
4k × 2.6k Gatan Orius CCD camera. The scanning electron microscopy-
energy dispersive X-ray analysis (SEM-EDX) images were performed on
the GeminiSEM 300 (Jena, Germany) with Oxford instrument X-MAX de-
tector for EDX analysis. The concentration of Mn of MnP-PEG was mea-
sured by inductively coupled plasma mass spectrometry (ICP-MS, Nexlon
350, PerkinElmer). The quantitative real-time PCR (qRT-PCR) was per-
formed on QuantStudio 6 instrument (Applied Biosystems, USA). The flu-
orescence intensity of labelled samples was measured with a Varioskan
Lux microplate reader (Thermo Fisher Scientific). The confocal laser scan-
ning microscopy (CLSM) images were visualized via the Visitron Spinning
Disk CSU W1 (Puchheim, Germany). All the flow cytometry data were ac-
quired using an AttuneNxT flow cytometer (Thermo Fisher Scientific). And
the data processing of flow cytometry was performed with FlowJo software
(BD, Ashland, USA)

Synthesis of PEG-Ale and Alex Fluor 488-Ale: PEG-Ale was synthetized
according to a reported method with minor modification.[28] Ale (400 mg,
1.23 mmol) was dissolved in NaOH solution (2 n, 1 mL), followed by
adding ultrapure H2O (800 µL, 18.2 MΩ cm). The pH value of the solution
was adjusted to 7 by dropwise addition of HCl (1 n). mPEG-NHS (75 mg,
13.8 µmol) was dissolved in ultrapure H2O (400 µL) and then dropwise
added to the Ale solution under vigorous stirring. The reaction mixture
was stirred at 4 °C for 1 h, followed by overnight stirring at room temper-
ature. The compound was purified by dialysis (MWCO = 3000 Da) with
ultrapure H2O. Finally, the obtained solution was freeze-dried to get PEG-
Ale. The PEG-Ale was characterized by 1H NMR. Ale: 1H NMR (400 MHz,
Deuterium Oxide) 𝛿 ppm: 3.12–2.99 (m, 2H, NH2─CH2), 2.10–1.94 (m,
4H, CH2─CH2─C). PEG-Alendronate: 1H NMR (400 MHz, Deuterium
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Oxide) 𝛿 ppm: 4.22 (s, 2H, O─CH2─CONH), 3.72 (s, 636H, PEG), 3.39
(s, 4H, CH3─O─), 3.17 (t, J = 6.7 Hz, 2H, CONH─CH2─), 1.99 (q, J =
14.9, 13.8 Hz, 2H, CH2─CH2─C), 1.83 (d, J = 7.9 Hz, 2H, CH2─CH2─C).

To synthesize Alex Fluor 488-Ale, Alex Fluor 488-NHS (54 µg, 138 nmol)
instead of mPEG-NHS was added to the Ale solution (4 mg, 12.3 µmol)
following the same procedure. Themixture was used for the next step with-
out purification.

Preparation of MnP-PEGNanoclusters: Follow the synthesis of calcium
phosphate nanoparticles, manganese phosphate system was developed.
Briefly, HEPES buffer (50 mm, 400 µL) containing NaCl (140 mm) and
Na2HPO4 (1.5 mm) was mixed with a MnCl2 solution (250 mm, 400 µL)
under vigorous stirring. After particle nucleation, a solution of PEG-Ale
(200 µm, 400 µL) in ultrapure H2O was quickly added to stabilize the MnP
particles. The mixture was shaken (1000 rpm) for 1 h at 25 °C followed
by centrifugation at 14 800 rpm for 5 min. The pellet was dispersed
in PBS (100 µL) after discarding the supernatant. For MnP particles
without PEG modification, PEG-Ale was not added. For dye labeled
MnP-PEG (Alex-MnP-PEG), a solution (400 µL) of Alex Fluor 488-Ale
(30 µm) and PEG-Ale (200 µm) in ultrapure H2O was added to modify
the MnP.

Characterizations of MnP-PEG Nanoclusters: The size distribution and
Zeta potentials ofMnP,MnP-PEGwere analyzed by DLS at 25 °C. TEMwas
used to characterize the morphology of MnP and MnP-PEG nanoclusters.
SEM-EDX was applied to qualitatively analyze the different element distri-
butions among MnP-PEG nanoclusters. The stability of MnP-PEG in the
PBS solution was assessed by monitoring changes in size for one week,
and the size was determined by DLS.

MTT Assay: To study the in vitro cellular toxicity of MnP-PEG nan-
oclusters, the MTT assay was performed according to the standard proto-
col. B16F10 cells (10k cells well–1, 100 µL) were seeded in a 96-well plate
overnight. MnP-PEG nanoclusters and 2’3’-cGAMP (referred as cGAMP
for simplicity) were added into wells with different concentrations. After
24 or 48 h incubation, the culture medium was discarded and MTT solu-
tion (0.5 mg mL–1, 100 µL) was added, followed by further incubation for
4 h. Then the MTT solution was trashed and DMSO (100 µL) was added.
The plate was shaken on an orbital shaker at 500 rpm for 15 min and then
the absorbance of each well was read at OD = 590 nm.

Stimulation of STING Pathway in THP1-Dual Reporter Cells: THP1-
Dual cell suspension (100k cells well–1, 180 µL) was plated into a flat-
bottom96-well plate.MnP-PEGnanoclusters with different concentrations
([Mn] = 0.05, 0.1, 0.25, 0.5 mm), free cGAMP (1.5 and 7.5 µm) and PBS
were added into set wells. Incubated for 24 h, THP1-Dual cell culture
medium (20 µL) was pipetted from each well into a 96-well white plate.
A QUANTI-Luc assay solution (50 µL) was added into each well of the
96-well white plate for luminescence signal measurement (0.1 s reading
time). In addition, all cells were resuspended with DAPI buffer for cell via-
bility test using flow cytometry.

Stimulation of STING Pathway in DC2.4 and RAW264.7 Cells Lines, and
BMDCs: DC2.4 cells were plated into a 24-well plate (0.5 m cells well–1,
0.5 mL) and incubated with MnP-PEG nanoclusters ([Mn] = 0.05, 0.1,
0.25, 0.5 mm), free cGAMP (1.5 µm), and PBS for 24 h. All DC2.4 cells
then were harvested for FACS analyses. The supernatant was collected for
ELISA tests to measure the concentrations of IFN-𝛽 and IL-6 using Lu-
mikin Xpress mIFN-𝛽 2.0 and IL-6 ELISA kit, respectively. Similar studies
were performed with RAW264.7 macrophages and BMDCs.

qRT–PCR Assay: Total RNA was extracted from DC2.4 cells, which had
been incubated with MnP-PEG nanoclusters ([Mn] = 0.25 mm), cGAMP
(1.5 µm) and PBS for 24 h. Total RNA was isolated using the RNAeasy
Mini Kit following the manufacturer’s instructions, and cDNA was synthe-
sized with the SuperScript III Reverse Transcriptase, RNasin Plus RNase
Inhibitor in the presence of random primers and the Deoxynucleoside
Triphosphate Set. Quantitative RT-PCR was performed in quadruplicates
using Maxima SYBR Green Master Mix on the QuantStudio 6 qPCR in-
strument. The data were invariably normalized to the expression levels of
𝛽-actin. The following primers were used for qRT–PCR.

𝛽-actin: TCCAGCCTTTCTTGGT; GCACTGTGTTGGCATAGAGGTC
Ifnb1:[23] CACAGCCCTCTCCATCAACT; TCCCACGTCAATCTTTCCTC

Il6:[39] ATCCAGTTGCCTTCTTGGGACTGA; TAAGCCTCCGACTTGT-
GAAGTGGT

Tnfa:[40] CTGTAGCCCACGTCGTAGC; GGTTGTCTTTGAGATCCATGC

Cellular Internalization Assay: The in vitro cellular uptake of MnP-PEG
nanoclusters in immune cells was tested by the flow cytometry. DC2.4 cells
(2 × 105 cells per well, 0.5 mL) were plated into a 24-well plate overnight.
Then MnP-PEG and soluble cGAMP containing the equivalent amounts
of tagged Alex Fluor 488 were added into each designed well for further
6-h incubation. All cells of each well were harvested and washed three
times with a PBS solution containing 0.2%/w/v BSA (termed FACS buffer)
to remove free MnP-PEG or cGAMP. Finally, the DC2.4 cells were resus-
pended with the DAPI solution (0.1 µg mL–1, 150 µL) for flow cytometry
analyses.

Confocal Fluorescence Imaging: Then Confocal fluorescent microscope
was applied to observe the intracellular distribution ofMnP-PEG nanoclus-
ters within immune cells. DC2.4 cells (2 × 105 cells per well, 0.5 mL) were
plated on the surface of round glass coverslips, which had been put into
the wells of a 24-well plate. After overnight incubation, MnP-PEG and sol-
uble cGAMP containing the equivalent amounts of Alex Fluro 488 were
added into each designed well for further two hour’s incubation. At set
time points, the DC2.4 cells were washed with PBS (1 mL) for twice and
then stained with LysoTracker Red DND-99 (125 nm) and Hoechst 33342
(4 µm) in serum-free RPMI-1640 medium (0.5 mL) for 2 h in the incuba-
tor, separately for endo/lysosome and nuclei staining, followed by twice
PBS washing (1 mL). DC2.4 cells were then fixed with PFA (4%, 200 µL)
for 10 min, washed by PBS (1 mL) for twice. Then the coverslips were
gently coated over a glass slide with ProLong diamond antifade mountant
(10 µL). The DC2.4 cells were imaged with Confocal microscope with a 60
× Oil Objective.

Release Kinetics of Mn2+ at Neutral or Acidic pH: The pH-responsive
release profile of Mn2+ ions from MnP-PEG nanoclusters was analyzed
with DLS and ICP-MS. Briefly, MnP-PEG nanoclusters (1 mg) were resus-
pended in PBS (1 mL) buffer with different pH values (5.4 and 7.4) under
shake (1000 rpm). In 24 h, the size shift of MnP-PEG nanoclusters under
different conditions were tested. Meanwhile, at set time points (1, 8, 24 h),
MnP-PEG based solutions (50 µL) were centrifuged and the supernatants
were collected for ICP-MS test, and the release efficiencies were calculated
as follows.

% of release ions

= weight of manganese released from MnP-PEG nanoclusters /

total weight of manganese in MnP-PEG nanoclusters × 100% (1)

Flow Cytometry Analyses of Tumor Infiltrating Immune Cells: Female
C57BL/6 mice, 6–8 weeks in age, were subcutaneously inoculated with
B16F10 mouse melanoma cells (3 × 105) on the right-side flank. On day
8, mice were treated with PBS (intratumoral injection [i.t.], 50 µL) or MnP-
PEG (i.t., [Mn] = 13 mm, 50 µL) every two days for three doses in total.
All mice were euthanized on day 13 to collect tumors tissues. The col-
lected tumors were cut into pieces with a scissor and treated with dissoci-
ation buffer (2 mL) under shaking (1000 rpm) at 37 °C for 1 h. Red blood
cells were lysed with ACK lysing buffer at room temperature for 5 min.
All cells were stained with corresponding surface markers, followed by the
Aqua live/dead staining at 4 °C for 20 min. For the intracellular staining,
cells were pretreated with Cell Activation Cocktail at 37 °C for 4 h. Then
cells were fixed and permeabilized with the Cyto-Fast Fix/Perm Buffer and
stained with anti-cytokine antibodies. Finally, cells were resuspended in
the FACS buffer for flow cytometry analyses.

Antitumor Efficacy Study: Female C57BL/6 mice, 6–8 weeks in age,
were subcutaneously inoculated with B16F10 mouse melanoma cells (2 ×
105) on the right-side flank. Mice were treated with PBS (i.t.), anti-PD-1
antibody (intraperitoneal, i.p., 2 mg mL–1, 100 µL), MnP-PEG nanoclus-
ters (i.t., [Mn] = 13 mm, 50 µL), or the combination of anti-PD-1 antibody
and MnP-PEG nanoclusters every two days starting from day 6 until day
16. Tumor area and body weight were monitored every two days. Tumor
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area was calculated according to the formula, area = length × width (the
length and width of tumors were measured by digital calipers).

Serum Levels of Liver Enzymes: Serum samples were collected for anal-
yses whenmice were sacrificed on day 13 (same experimental setting as in
the section "Flow cytometry analyses of tumor infiltrating immune cells").
The serum levels of alanine transaminase (ALT) and aspartate transam-
inase (AST) in serum were measured using Stanbio Chemistry Reagents
per the manufacturer’s instructions.

Statistical Analysis: Statistical analysis was processed through Graph-
Pad Prism 9 (GraphPad software, Inc., La Jolla, CA, USA). Unless other-
wise noted, the data were presented asmean± standard error of themean
(SEM). Sample sizes and methods for statistical analysis were indicated
in figure captions. Comparisons of two groups were performed by using
two-tailed unpaired Student’s t-test. Comparisons of multiple groups at a
single time point were performed by using one-way or two-way analysis of
variance (ANOVA) and Tukey’s test. p values are presented as *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. No statistically significant (ns)
differences were considered when p > 0.05.
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