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ABSTRACT: Manganese is a transition metal that is an essential trace element for human health. Manganese ions (Mn2+), which
serve as one of the most common transition metal ions, play vital roles in enhancing innate immune responses. However, immune
agonists based on Mn2+ are poorly utilized in clinical trials due to poor chemodynamics and adverse events. In this work, we
designed a novel delivery carrier for loading manganese ions by constructing hFn-MT3(Mn2+) protein nanoparticles (termed as
NPs(Mn2+)), which contained human ferritin heavy chain (hFn) and metallothionein-3 (MT3), induced by isopropyl β-D-
thiogalactoside (IPTG) and manganese ions in the prokaryotic expression system. The NPs(Mn2+) protein nanoparticles could not
only stimulate immune cell proliferation but also activate innate immune responses via the cGAS-STING-IRF3 signaling pathway.
Collectively, our results unveil a candidate strategy for delivering metal ions beyond Mn2+ and may broaden metal ion clinical use in
the field of immunotherapies.

■ INTRODUCTION
Host immune responses, which serve as unique immune defense
lines besides physical barriers, are important in protecting
against foreign pathogens and strengthening the human body.
Trace elements, which mainly involve iron (Fe), zinc (Zn),
copper (Cu), manganese (Mn), chromium (Cr), selenium (Se),
molybdenum (Mo), cobalt (Co), fluorine (F), etc., are essential
for human health.1,2 Trace element deficiencies are associated
with aberrant morbidity and mortality.3

Recently, many studies have shown that transition metal ions
can promote immune responses and exert antitumor efficacy.4−8

Among them, manganese is a nutritional trace element required
for a variety of physiological processes including antioxidant
stress, development, and antitumor or antiviral functions.9−14

Jiang and co-workers found that manganese ions were essential
for the host to defend against DNA viruses.15 However,
manganese ions have a short half-life (only 1 min) that restricts
their application to the windows in antitumor and antiviral
therapies.16 Thus, it is urgent to develop more effective
manganese ion delivery carriers to enhance immune responses.
Drug delivery carriers based on nanotechnologies could not

only change drug absorption, distribution, and metabolism in

vivo but also achieve controlled drug release and hold the
promise to promote therapeutic efficacy.17−19 Human ferritin is
a 24-polymer, whose outer and inner diameters are 12 and 8 nm,
respectively, making it easy to accumulate in tumor regions
through carrying drugs due to the enhanced permeability and
retention (EPR) effect or transferrin receptor 1 (TFR1), which
is overexpressed on tumor cell surfaces.20−23 Yan and co-
workers found that human ferritin (HFn) could be utilized as a
nanocarrier to deliver encapsulated doxorubicin (Dox) through
disassembling HFn in 8 M urea in the presence of Dox, followed
by a reassembling process with a series of stepwise gradients of
urea in PBS buffer,24 traversing the blood−brain barrier and
positively targeting glioma tumors via TFR1. However, the
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processes have a great influence on protein activities and
industrial manufactures.
In this study, we designed and constructed an hFn-MT3

fusion protein, spontaneously forming self-assembling nano-
particles (NPs(Mn2+)) that were concomitantly induced by
IPTG and manganese ions during the expression process in
Escherichia coli. The diameters of NPs(Mn2+) were approx-
imately 88.43 nm and would be changed in response to acidic or
reduction circumstances. Moreover, NPs(Mn2+) were located in
the lysosome partially, promoting ROS production and cell
proliferation for RAW 264.7 cells. Strikingly, the metal−protein
nanoparticles could activate innate immune responses and
initiate IFN-β secretion via the cGAS-STING-IRF3 signaling
pathway. This work provides a new strategy for delivering
manganese ions and enhancing innate immune responses.

■ RESULTS
Protein Expression and Characterization of NPs-

(Mn2+). Nanotechnologies have shown tremendous potential
in drug deliveries and controllable release by carrying drug
molecules to enhance antitumor or antiviral efficacy while
alleviating adverse events.4,25 Here, we selected human ferritin
heavy chain (hFn) as a delivery carrier to transport manganese

ions via fusing theMT3 domain (Figure S1). The expression and
purification processes of hFn-MT3(Mn2+) protein nanoparticles
(termed as NPs(Mn2+)) are shown in Figure 1A. We performed
the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) assay and liquid chromatography−mass spec-
trometry (LC-MS) to analyze its molecular weight. Consistent
with theoretical molecular weight, the actual molecular weight
for hFn-MT3 (Mn2+) building blocks was approximately 30.35
kDa (Figures 1B and S2).

In addition, the clear Tyndall effect of the protein solution was
observed, which provided strong evidence for proving the
nanoscale of NPs(Mn2+) (Figure 1C), possessing 88.43 ± 0.90
nm spherical nanoparticles, as revealed by dynamic light
scattering (DLS) analysis and transmission electron microscopy
(TEM) technology (Figure 1D,E).

To further analyze the stabilities of NPs(Mn2+), we
determined the diameter changes of NPs(Mn2+) in acidic and
reduction circumstances. The results showed that the diameter
changes (ranging from 86.43 ± 1.71 to 349.44 ± 6.14 nm) were
likely to be more sensitive in a microacidic solution (Figure 2A),
and the diameters were scaled up to 459.60 ± 76.14 nm under
stimulation with low pH (pH = 6.8) and 10 mM GSH (Figure
2B). Certainly, NPs(Mn2+) had more stability, which could last

Figure 1. Protein expression and characterization of NPs(Mn2+). (A) Schematic illustration of NPs(Mn2+) expression and purification. (B) SDS-
PAGE analysis of NPs(Mn2+). (C) The Tyndall effect of NPs(Mn2+). (D) The diameter analysis of NPs(Mn2+). (E) Representative transmission
electron microscopy images of NPs(Mn2+).

Figure 2. Diameters of NPs(Mn2+) under circumstance. (A) Diameter changes of NPs(Mn2+) in different pH solutions. (B) Diameter changes of
NPs(Mn2+) in different pH solutions containing 10 mM GSH.
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for at least nearly 4 months at 4 °C compared to room
temperature (Figure S3).

Localization of NPs(Mn2+) in RAW 264.7 Cells.
Lysosomes, which serve as the main digestion subcellular
organelles, have emerged as multifunctional centers responsible
for protein degradations or immune responses due to acidic
circumstances and a variety of hydrolytic enzymes.26 Generally,
nanoscale substances are transported to lysosomes through an
endocytosis pathway. Moon et al. reported that high-density
lipoprotein-mimicking nanodiscs loaded with Dox were durably
released from endosomes/lysosomes to trigger tumor immuno-
genic death and promote antitumor efficacy.27 To explore
NPs(Mn2+) subcellular localization, the NPs(Mn2+) were
labeled with a Cy5.5 fluorescent molecule. As expected, the
results showed that NPs(Mn2+) could partially localize in
lysosomes (Figures 3 and S4).

ROS Production and Cell Proliferation Induced by
NPs(Mn2+). Reactive oxygen species (ROS) represent a family
of reactive molecules that arise during normal cellular
metabolism and exert multiple biological functions rather than
being viewed as just a toxic bypass product of mitochondrial
respiration.28,29 At modest levels, ROS are required to maintain
normal homeostasis or modulate the signaling pathway through
phosphorylation modification. Our previous studies have shown
that the primary macrophage can be polarized toward the
proinflammatory M1 macrophage under ROS stimulation,
which inhibits viral replications.30In this work, we analyzed
the ratio between Mn2+ and the hFn-MT3 monomer by
inductively coupled plasma mass spectrometry (ICP-MS), and
the results showed that its ratio was 1:2 (Figure S5). The
NPs(Mn2+) (100 μg/mL) were utilized to catalyze ROS
production in RAW 264.7 cells. In contrast to NPs(Mn2+), the
equivalent NPs without loading transition manganese ions
(Mn2+) could not catalyze ROS production (Figure 4A−D). To
verify the cytotoxicity of NPs(Mn2+), RAW 264.7 cells were
treated with NPs(Mn2+) at different concentrations, showing
that the NPs(Mn2+) had no obvious cellular toxicity but
promoted cell proliferation in vitro (Figure 4E).

Innate Immune Activation via the cGAS-STING Signal-
ing Pathway. Manganese is essential for many biological
processes in a manner that is dependent on innate immune
responses. On the one hand,Mn2+ released bymitochondria and
Golgi apparatus combines with cytosolic cyclic GMP−AMP
synthase (cGAS), catalyzing the synthesis of the second
messenger cyclic guanosine monophosphate adenosine mono-
phosphate (cGAMP). On the other hand, Mn2+ enhanced the
stimulator of interferon gene (STING) activity by augmenting
cGAMP-STING binding affinity.15,16,31−33 Taken together, the
innate immune responses mediated by manganese ions are of
paramount importance for antiviral or antitumor efficacies
through the cGAS-STING signaling pathway.

To evaluate whether STING was involved in this signaling
pathway, RAW 264.7 cells were treated with different
concentrations of NPs(Mn2+) for 24 h. It showed that the
phosphorylation of STING and IRF3 (interferon regulate factor
3) was simultaneously upgraded in 100 μg/mL NPs(Mn2+)
(Figure 5A). Next, the RAW 264.7 cells were treated with 100
μg/mL NPs(Mn2+) at different times. We found that the p-
STING bands were upgraded in a time-dependent manner, and
p-IRF3 reached the highest level in 2 h (Figure 5B). These data
collectively elucidated that NPs(Mn2+) are potent innate
immune stimulators in vitro.

As the bridge of innate and adaptive immune responses, IFN-
β was generated by p-IRF3 signaling transduction.34−40

Consistent with STING/p-STING and IRF3/p-IRF3 signaling
activation, the NPs(Mn2+) (100 μg/mL) could initiate IFN-β
secretion as high as 5-folds compared to other groups (Figure
5C). Intriguingly, the NPs(Mn2+) were more sensitive to
activating innate immune responses than the equivalent NPs
without loading Mn2+ (Figure 5D).

To explore the roles of ROS that were produced through the
Mn2+-mediated Fenton-like reaction during innate immune
responses, the ROS inhibitor N-acetyl cysteine (NAC) was
utilized to inhibit ROS production. The results showed no
significant changes in IFN-β levels between NPs(Mn2+) and
NPs(Mn2+) with NAC (Figure 6). This elucidated that Mn2+

was essential for innate immune responses.

Figure 3.NPs(Mn2+) localized in lysosomes partially. Representative fluorescence images of subcellular localization of NPs(Mn2+). Cell nucleus, blue;
lysosome, green; and NPs(Mn2+), red.
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■ DISCUSSION
As a promising antitumor therapeutic strategy, immunothera-
pies have shown tremendous potential in preventing and
treating cancers by innate or adaptive immune responses.
Nevertheless, approximately only 20% of tumor patients
respond to immunotherapies due to low immune responses.25,41

Therefore, how to enhance the immune responses remains a
challenge.
In recent years, immunotherapies have achieved great

breakthroughs in cancer therapies. Among them, the innate
immune system, which serves as the first line of defense against
cell carcinogenesis, plays vital roles in modulating immune
responses. Zhang and colleagues reported BSA-templated
MnO2 nanosheets (SV@BMs), which conjugated 1 V209, a
small molecule as a TLR7 agonist. SVN@BMs could react with
GSH and release Mn2+, which catalyzed ROS production via
Mn2+-induced Fenton-like reactions in macrophages. On the
other hand, the primary macrophage could be polarized into the
M1 macrophage, which promoted proinflammatory cytokine
production and enhanced immunotherapeutic efficacies.42

Meanwhile, Jiang and co-workers elucidated that bivalent
manganese (Mn2+) was critical for antiviral or antitumor

immune responses through the cGAS-STING signaling path-
way.15,16 However, the inorganic manganese ions involved in
these strategies have an extremely short half-life in vivo.
Therefore, it is still a great challenge to develop a simple but
efficient drug delivery carrier that enables loaded manganese
ions and facilitates immune responses.

In this work, we designed and constructed protein nano-
particles (NPs(Mn2+)), which contained the hFn domain and
bivalent manganese ions. The NPs(Mn2+) could catalyze ROS
production, promote cell proliferation, and activate innate
immune responses in vitro, paving the way for multifunctional
metal−protein nanodrug delivery carriers that are utilized for
immunotherapies. However, there are still two aspects that
remain to be explored. First, whether the NPs(Mn2+) have
antitumor efficacy in vivo. Second, whether there is another
molecular mechanism for immune responses besides innate
immune responses that are involved in the cGAS-STING
signaling pathway. It will be of interest to explore these potential
mechanisms in the future.

Figure 4.ROS production and cell proliferation induced byNPs(Mn2+). (A, B) Representative fluorescence images (A) and relative intensities analysis
(B) of ROS treated with NPs(Mn2+) or NPs. (C, D) Flow cytometric qualitative (C) and quantification (D) analysis of ROS production treated with
different concentrations of NP(Mn2+). (E) Cell viability detection of RAW 264.7 cells treated with NPs(Mn2+) at different concentrations for 24 h.
Data are represented as means ± SEM (n = 3). ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001.
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■ CONCLUSIONS
In summary, we designed and constructed the recombinant
protein hFn-MT3 that was loaded with bivalent manganese ions
(Mn2+). The NPs(Mn2+) could catalyze ROS production via a
Mn2+-mediated Fenton-like reaction, promote cell proliferation,
and enhance innate immune responses through the cGAS-
STING-IRF3 signal pathway. The results indicated that metal-
based protein nanoparticles are the potential prospect to
enhance immune responses, improve the therapeutic benefits

of metal immunotherapy, and widely broaden applications of
manganese ions in immunotherapeutic fields.

■ MATERIALS AND METHODS
Materials. E. coli BL21(DE3) cells (CD-601-02) were

purchased from Beijing TransGen Biotech Co., Ltd. Isopropyl
β-D-thiogalactoside (IPTG) (BS119) was purchased from
Biosharp. Phenylmethanesulfonylfluoride (PMSF, P8340) and
RIPA (R0010) were purchased from Beijing Solarbio Science

Figure 5. Innate immune activation via the cGAS-STING signaling pathway stimulated with NPs(Mn2+). (A) Western blot analysis of STING/p-
STING and IRF3/p-IRF3 in RAW 264.7 cells treated with different concentrations of NPs(Mn2+) for 24 h. (B) Western blot analysis of STING/p-
STING and IRF3/p-IRF3 in RAW 264.7 cells at different time points after being stimulated with 100 μg/mL NPs(Mn2+). (C) Enzyme-linked
immunosorbent assay (ELISA) of the secreted IFN-β protein expression level in the supernatant of RAW 264.7 cells treated with different
concentrations of NPs(Mn2+) for 24 h. (D) IFN-β relative protein expression level in the supernatant of RAW 264.7 cells treated with 100 μg/mL
NPs(Mn2+) and 100 μg/mL NPs. Data are represented as mean ± SEM (n = 3). *p < 0.05; ****p < 0.0001.

Figure 6. Mn2+ was essential for innate immune responses. (A) Representative fluorescence images of ROS treated with NPs(Mn2+) or NPs(Mn2+)
plus NAC. (B) Enzyme-linked immunosorbent assay (ELISA) of secreted IFN-β in the supernatant of RAW 264.7 cells treated with NPs(Mn2+) or
NPs(Mn2+) plus NAC for 24 h. ns, not significant; ****p < 0.0001.
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&Technology Co., Ltd. A ToxinSensor Chromogenic LAL
Endotoxin Assay Kit (L00350) was purchased from GenScript.
DCFH-DA (D837204) was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. RAW 264.7 cells (CL-0190)
were purchased from Procell Life Science &Technology Co.,
Ltd. A HisTrap HP column (17524802) was purchased from
Cytiva. A Pierce BCA Protein Assay Kit (BCA, 23227) was
purchased from Thermo Scientific. LysoTracker Green
(C1047) and Hoechst33342 (C1022) were purchased from
Beyotime Biotechnology. The following antibodies were
acquired from Cell Signaling Technology: GAPDH (14C10)
Rabbit mAb (#2118), STING (D2P2F) Rabbit mAb (#13647),
Phospho-STING (Ser365) (D8F4W) Rabbit mAb (#72971),
IRF-3 (D83B9) Rabbit mAb (#4302), and Phospho-IRF-3
(Ser396) (4D4G) Rabbit mAb (#4947). HRP AffiniPure Goat
anti-Rabbit lgG (H + L) was purchased from EarthOx
(E030120). The following reagents were purchased from
Mei5 Biotechnology Co., Ltd.: M5 HiClear Prestained Protein
Ladder (10−180 kDa) (MF212), M5 HiPer Phosphatase
Inhibitor Cocktail 1 (100× in DMSO) (MF675) and 2 (100×
in ddH2O) (MF676), M5 Protease Inhibitor Cocktail (100×)
(MF182), and M5 HiPer ECL Western HRP Substrate
(MF074). A Mouse IFN-β ELISA Kit (CME0116) was
purchased from Suzhou 4A Biotech Co., Ltd.

NPs(Mn2+) Protein Nanoparticle Expression and
Purification. The procedure was described in a previous
study.30 Briefly, DNA sequences of 6× His-tagged hFn-MT3
were cloned to pET28a (+). The plasmid was transformed into
BL21(DE3) competent E. coli cells. A single clone was picked
and cultured in 10 mL of the lysogeny broth medium (LB) with
100 μg/mL kanamycin at 37 °C for 5 h while shaking until
OD600 reached 0.6−0.8 approximately. The bacteria were
amplified in 1 L of LB with kanamycin at 37 °C and shaken
for 4 h until OD600 reached 0.6−0.8 again. Bacteria solution was
added with 1 mM isopropylthiogalactoside (IPTG) and MnCl2
to induce protein expression overnight at 37 °C. The protein-
expressing bacteria were harvested and lysed by sonication. The
lysate supernatants were purified with a HisTrap HP column to
enrich His-tagged NPs(Mn2+), followed by protein elution with
imidazole (250 mM). The purified protein was determined by
SDS-PAGE on 12% polyacrylamide gel. Afterward, the gel was
stained with Coomassie staining solution and analyzed through
Bio-Rad ChemiDoc XRS+ software.
Before performing all assays, endotoxin affinity agarose was

used to remove the endotoxin from all proteins. The final
concentration of endotoxin was measured by a Chromogenic
LAL Endotoxin Assay Kit. The results showed that the
endotoxin was less than 0.025 EU/mL, significantly below the
safety limit required of medical devices and parenteral drugs (0.5
EU/mL according to the FDA of U.S.A.).

DLS Measurement. The diameters of NPs(Mn2+) in
different circumstances were determined using a Nano 90Plus
PALS analyzer device (Brookhaven, USA). The measurements
were made by diluting the NPs(Mn2+) with 1 mL of solutions
with different pH values ranging from 6.8 to 8.8 containing 10
mM GSH or not. The Tyndall effect was observed by red laser
light irradiation.

TEM Observation. The NPs(Mn2+) protein nanoparticles
were centrifuged to remove salt and resuspended with purified
water, and then 10 μL of desalted NPs(Mn2+) protein
nanoparticles were dropped onto a carbon-shadowed copper
grid, allowed to dry naturally, and dyed with 1% phosphotungs-
tic acid. A field emission transmission electron microscope

(JEOL, JEM-F200) operating at 200 kV was used to observe the
morphology of NPs(Mn2+).

Localization of NPs(Mn2+) Protein Nanoparticles in
RAW 264.7 Cells.Before fluorescence imaging, theNPs(Mn2+)
protein nanoparticles were labeled with Cy5.5 fluorescent
molecules to obtain NPs(Mn2+)−Cy5.5. RAW 264.7 cells were
cultured in DMEM+2 in a confocal chamber at 37 °C in a 5%
CO2 incubator (6 × 10∧5 cells). NPs(Mn2+)−Cy5.5 was added
for 6 h. The cells were washed twice with PBS and then
incubated in LysoTracker for 30 min at 37 °C and 5% CO2. The
cells were washed twice with PBS and stained with
Hoechst33342 (1:500) for 15 min. The cells were washed
twice again before imaging for laser scanning confocal
microscopy (LSCM).

Determination of ROS. For flow cytometric analysis, RAW
264.7 cells were cultured in a 6-well plate (2 × 10∧6 cells) for 24
h and treated with different concentrations of NPs(Mn2+)
protein nanoparticles for 24 h. The cell culture medium was
removed completely, and 2mL of DCFH-DA (5 μM)was added
to each well. The cells were incubated at 37 °C in the dark with a
5%CO2 incubator for 30min and then were washed 3 times with
PBS to remove free DCFH-DA. The cells were collected in a 1.5
mL EP tube and analyzed by flow cytometry (BD, C6 plus). For
observation of fluorescence images, the steps were the same as
above. The only difference was that the treated cells were
visualized directly by LSCM (Zeiss, LSM900).

Cell Proliferation Assay. The effect of NPs(Mn2+) protein
nanoparticles on cell proliferation for RAW 264.7 cells was
performed using a CCK-8 Kit. Different concentrations of
NPs(Mn2+) protein nanoparticles were added to each well (24-
well plate, 5 × 10∧5 cells/well) and incubated for 24 h. 50 μL of
CCK-8 solution was added to each well. After incubation for 1 h,
OD450 was determined with a multimode microplate reader
(SpectraMax i3x).

Western Blot. RAW 264.7 cells were cultured in a 6-well
plate and treated with NPs(Mn2+) protein nanoparticles in
different manners that belonged to dose-dependence or time-
dependence. The cells were harvested and lysed with RIPA
buffer containing phosphatase and protease inhibitors. The
supernatants were collected for concentration measurement
using a BCA Kit. Then, every sample (10 μg (10 μL) of total
protein/well) was boiled for 10 min at 98 °C and short
centrifuged at 4 °C with maximum speed.

The boiled samples were subjected to SDS-PAGE protein
electrophoresis using 12% polyacrylamide gel. Gels were run at
80 V for 30 min, then changed to 120 V for 90 min, and
subsequently transferred to PVDFmembranes. The membranes
were blocked with 5% BSA (PBST) for 1 h at room temperature,
then washed three times with 0.1% PBST, and incubated into
the corresponding primary antibody (1:1000 dilution) over-
night at 4 °C on a shaker. After washing with PBST three times,
the membranes were incubated with the corresponding
secondary antibody (1:5000) for 90 min at room temperature.
The membrane was washed three times in 0.1% PBST at room
temperature and developed with the ECL substrate. The images
were visualized by a ChemiDoc XRS+ Gel Imaging System
(BIO-RAD).

Enzyme-Linked Immunosorbent Assay. RAW 264.7
cells were cultured in 12-well plates (1 × 10∧6 cells) and treated
with corresponding drugs for 24 h. The cell supernatant was
centrifuged at 4 °C for 10 min with maximum speed and then
collected in 1.5mL EP tubes. IFN-βwasmeasured by ELISA kits
according to the manufacturer’s instructions.
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Statistical Analysis. The data shown were representative of
three independent experiments at least. The results of western
blotting were displayed by Image Lab. The statistical analysis
was done using GraphPad Prism 9 and figures were generated by
Adobe Illustrator 2021. Results were expressed as means ±
SEM. Unless specifically noted, differences between two groups
were compared by unpaired Student’s t-test, and P values of less
than 0.05 were considered significant. ns, not significant; *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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