Peng et al. Journal of Nanobiotechnology (2024) 22:699 Journal Of Na nobiotech nology
https://doi.org/10.1186/512951-024-02970-y

RESEARCH Open Access

. —— ®
Preferential activation of type | s

interferon-mediated antitumor inflammatory
signaling by CuS/MnO,/diAMP nanoparticles
enhances anti-PD-1 therapy for sporadic
colorectal cancer
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Abstract

Converting the “cold"tumor microenvironment (TME) to a“hot” milieu has become the prevailing approach for enhancing
the response of immune-excluded/immunosuppressed colorectal cancer (CRC) patients to immune checkpoint blockade
(ICB) therapy. During this process, inflammation accompanied by different kinds of chemokines/cytokines inevitably occurs.
However, some activated inflammatory signals exhibit protumor potency. Therefore, strategies that preferentially activate
antitumor inflammatory signaling rather than tumor-promoting signaling need to be developed. Herein, we constructed

a STING agonist-loaded CuS/MnO, bimetallic nanosystem, termed diAMP-BCM. BCM with an optimized Cu/Mn ratio effi-
ciently promoted the activation of proinflammatory signaling, and in combination with the STING agonist diAMP, diAMP-BCM
controllably activated tumoricidal inflammatory signaling in APCs. DIAMP-BCM can efficiently generate ROS and promote
the activation of STING, which induces the apoptosis of cancer cells and promotes the recruitment of monocytes while facili-
tating the polarization of macrophages and maturation of DCs. MC38 and CT26 CRC models were established to evaluate
the in vivo antitumor effects of diAMP-BCM. Combined with ICB therapy, diAMP-BCM enables the rebuilding of tumor milieus
with efficient tumor growth inhibition and alleviation of T-cell exhaustion, particularly in distal tumors, in sporadic colorectal
cancer therapy. This study established a nanoplatform to promote the preferential activation of antitumor inflamatory signal-
ing, rebuild the T-cell repertoire and alleviate T-cell exhaustion to enhance cancer ICB immunotherapy.

Highlights

1. DIAMP-BCM hybrid nanoparticles preferentially activate antitumor inflammatory signaling via STING/IRF7/
CXCL10 axis and alleviate the expressions of protumor cytokines.
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2. DIAMP-BCM induces apoptosis/pyroptosis of colorectal cancer cells, promotes the recruitment of monocytes
and their differentiation to pro-inflammatory phenotypes.

3. DIAMP-BCM converts an immunosuppressive tumor to a “hot” tumor and alleviates T cell exhaustion in vivo,
which enhances the efficacy of aPD-1 immunotherapy in vivo and promotes the inhibition of both primary

and distant colorectal tumors.

Introduction

Colorectal cancer (CRC) is a malignant cancer with
high mortality and risk, and the number of new cases is
increasing annually [1]. At the time of diagnosis, more
than 50% of CRC patients are at stage III or IV, and sur-
gery cannot be performed for these patients. Moreover,
sporadic features and immune exclusion characteristics
further limit the therapeutic outcome of CRC patients
treated with radiotherapy and chemotherapy. Immune
checkpoint blockade (ICB) provides another option
for CRC therapy by invigorating the immune system
[2]. The response rate of AMMR/MSI-H CRC patients
(~15% of total CRC patients) to ICB has been reported
to be approximately 90%, and patients with the pMMR/
MSS CRC phenotype still exhibit a low or even no
response to ICB [3, 4]. Moreover, more than 30% of
dMMR CRC patients suffer primary or acquired resist-
ance to ICB [5]. The construction of efficient strategies
that enhance the response of pan-CRC to ICB remains
a challenge.

The main reason for the low/no response of pMMR/
MSS CRC to ICB may be the “cold” tumor microen-
vironment (TiME), which features low infiltration of
immunocytes and immunosuppressive milieus [6].
Some of the strategies focusing on turning “cold” TiME
to “hot” TiME have proven the potential of TiME “rein-
flaming” for enhancing the efficacy of CRC ICB therapy.
However, turning a “cold” tumor to a “hot” tumor also
aggravates intratumoral inflammation. High inflam-
mation (high expression of IL-6 serving as the main
indicator) is strongly correlated with poor survival out-
comes among stage III CRC patients [7]. It can promote
the progression of CRC and is also responsible for the
formation of an immunosuppressive tumor immune
microenvironment (TiME). Furthermore, inflammation
is also responsible for the acquisition of resistance to
ICB in dMMR-MSI-H CRC [8]. Conversely, the pleio-
tropic and complex inherence of inflammation to versa-
tile related chemokines and cytokines makes it crucial
for the reinforcement of antitumor immunity [9, 10].
Preferential activation of specific inflammatory sign-
aling pathways can be achieved by adjusting the net-
work and constitution of cytokines and chemokines,
e.g., the NF-kB/IL6/STAT3 axis mediates the inflam-
matory response to promote cancer progression, while

the type I interferon response favors the stimulation of
antitumor immunity [9, 11-13]. Therefore, to efficiently
enhance the response of CRC to ICB, strategies pro-
moting the activation of antitumor proinflammatory
signaling, rather than tumor-promoting signaling, need
to be developed [14].

Metal-based nanosystems are promising due to their
versatile catalytic performance in various cellular envi-
ronments [15]. As a previous report indicated, CuxS
nanosystems can generate ROS after Cu2* is released
into the redox environment and reacts with GSH or H,O,
[16-19]. CuxS also has the potential to react with H,O,
to generate O, [20]. Moreover, in the presence of H,O,,
manganese dioxide (MnO,) can serve as an O, generator
[21]; nonetheless, in the presence of GSH, MnO, prefer-
entially reacts with GSH to produce Mn2" and oxidize
GSH to GSSG [22]. Then, the released Mn?* will fur-
ther react with H,O, to generate ROS. The products of
metal-based nanosystems are mainly dependent on the
surrounding environment, which including the pH value,
oxygen levels, and radical levels, etc. Furthermore, Mn**
also stimulates STING [23, 24], which is the main sign-
aling pathway that promotes the generation of a type I
interferon response in cells; however, Mn?" also pro-
motes the activation of the NK-kB pathway to promote
the production of TNFa, IL-6, IL-1b, etc. [25, 26]. In
addition, STING can be activated by externally supplied
cyclic diadenosine monophosphate (diAMP), and Mn**
has the potential to further enhance cyclic diadenosine
monophosphate (diAMP)-mediated STING activation
[27, 28]. However, activation of STING alone cannot
direct or promote inflammatory signaling through anti-
tumor immunity. In addition, it has been demonstrated
that the type I interferon response induced by STING
requires STING to be translocated from the endoplasmic
reticulum (ER) to late endosomes or that autophagy can
be inhibited [29-31]. Decreased production of intracel-
lular ROS or increased generation of intracellular oxygen
in APCs facilitates the inhibition of autophagy, thus pro-
moting the translocation of STING from the ER to late
endosomes. The potential of MnO, to alleviate hypoxia
in vitro and in vivo has been verified, as has its ability
to activate STING. However, the introduction of CuS
and diAMP is also required to enhance ROS production
to inhibit the growth of tumor cells and to supply DNA
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segments for the efficient activation of STING. Hence,
due to the different properties of CuS and MnO, in regu-
lating cellular milieus, the combination of CuS and MnQO,
may provide an option for preferentially activating anti-
tumor inflammatory signaling.

Therefore, in this study, we first prepared CuS (BC)
and MnO, (BM) nanoparticles via nanoprecipitation/
nanomineralization with bovine serum albumin (BSA),
respectively. After comprehensively evaluating their cat-
alytic properties and cellular activities in vitro, we fur-
ther evaluated the effect of the combination of BC and
BM on APC behavior by optimizing the ratios. Then, we
constructed BCM nanoparticles via a two-step proce-
dure and adsorbed a STING agonist (diAMP) to obtain
diAMP-BCM nanohybrids. The effects of the diAMP-
BCM nanohybrid on the cytotoxicity of tumor cells and
the regulation of the cellular behavior of APCs were
also studied in detail. More importantly, the potential of
diAMP-BCM to remodel the TiME, particularly when
combined with aPD-1, was also evaluated. Two different
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CRC tumor models, MC38 and CT26, were established.
The in vitro and in vivo results demonstrated that opti-
mized diAMP-BCM can controllably activate antitumor
immune inflammatory signaling, enhance the therapeu-
tic effects of ICB and alleviate T-cell exhaustion to inhibit
both primary and distal sporadic tumor foci (Fig. 1).

Results

Preparation and characterization of BC and BM
nanoparticles

According to our previous study [32, 33], we constructed
BC and BM nanoparticles via nanoprecipitation in an
aqueous environment in the presence of BSA. Well-dis-
persed BC and BM nanoparticles with uniform morphol-
ogy were obtained (Fig. 2A). The particle sizes of the BC
and BM nanoparticles were 8.4+2.1 and 9.0+3.4 nm,
respectively, while the zeta potentials were ~—11 mV
and ~—5 mV, respectively (Fig. 2B, C). The XRD patterns
of BC and BM indicate the presence of CuS and MnO,,
although the presence of BSA decreased the number of
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Fig. 1 Schematic showing that diAMP-BCM nanohybrids with optimized Cu/Mn ratios preferentially activate antitumor inflammatory signaling
in APCs while promoting apoptosis in tumor cells. Tumor cells and APCs (macrophages and DCs) exhibit different intracellular physiological
environments, which provide different environments for the intracellular reaction of metal-based nanoparticles, thus regulating inflammatory

signaling. Here, the combination of BC and BM nanoparticles at optimized ratios promoted the generation of a type | interferon response, which
was the result of antitumor inflammatory signaling, rather than NF-kB signaling, in combination with a STING agonist. The activation of the type

linterferon response further reverses the “cold"TME to a “hot” milieu and further remodels the TME to alleviate T-cell exhaustion when combined
with ICB therapy, which allows efficient management of both primary (treated) tumors and distal tumors
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Fig. 2 Construction and characterization of BC and BM nanoparticles. A TEM images of BC and BM nanoparticles. B The particle sizes calculated
from the TEM images. C The zeta potentials of the nanoparticles. D XRD patterns of BC and BM. E ESR spectra of OH after the introduction of BC
and BM, respectively, in a -OH generation model assay. F ESR spectra of -O, after the introduction of BC or BM. G UV-visible spectra of MB solutions
after the introduction of BC, BM or a mixture of BC/BM at the same concentrations. H ESR spectra of -OH after the introduction of BC and BM,

respectively, in a -OH deletion model assay

crystalline peaks (Fig. 2D). Then, we evaluated the cata-
lytic performance of BCM in ROS generation and scav-
enging in vitro. Metal ions have been proven to exhibit

catalytic activity similar to that of some enzymes in the
Fenton reaction. Due to the universality of the imbal-
anced redox environment in solid tumors and the
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overproduction of H,O, in tumors, we evaluated the abil-
ity of BC and BM nanoparticles to catalyze the produc-
tion of ROS in the presence of H,O,. BC nanoparticles
and BM nanoparticles exhibited different performances
in catalyzing the production of ROS. No enhanced elec-
tron spin resonance (ESR) signal was detected in the
presence of BM nanoparticles in the DMPO/H,0, solu-
tion, while the addition of BC nanoparticles enhanced
the ESR signal of both. OH and -O,. This finding indi-
cated that BC nanoparticles promote the generation of
ROS, while BM nanoparticles do not (Fig. 2E, F). The
ESR assay results are consistent with the ROS generation
spectrometry results in an aqueous environment in the
presence of MB (Fig. 3G). In contrast, in the case of ROS
scavenging, the ESR signal of .OH significantly decreased
after the addition of a low concentration of BM nanopar-
ticles, while the signal intensity was similar to that of the
blank sample. Although the addition of BC nanoparti-
cles also decreased the ESR signal of .OH, the amplitude
was much smaller than that of the BM nanoparticles
(Fig. 3H). This finding demonstrated that BM nanopar-
ticles facilitate the scavenging of ROS rather than pro-
mote the generation of ROS. BC and BM nanoparticles
with different catalytic performances were successfully
prepared. Created in BioRender. Peng, J.(2024) https://
BioRender.com/f14i369.

Cellular activities of BC and BM nanoparticles in tumor
cells and macrophages

Furthermore, the ability of BC and BM nanoparticles
to induce ROS generation was also evaluated in vitro in
the MC38 cell line and RAW264.7 macrophage line. The
ROS signal was greater in the group cocultured with BC
nanoparticles than in the BM nanoparticle-treated group,
and the ROS generation in the BM nanoparticle-treated
group was also significantly greater than that in the con-
trol group (Fig. 3A, B). This finding demonstrated that
not only is the potential of BC nanoparticles to stimu-
late ROS generation maintained at the cellular level but
also that BM nanoparticles can stimulate the generation
of ROS. By measuring the mitochondrial membrane
potential induced by JC-1, we further confirmed that
both BC and BM nanoparticles decreased the mitochon-
drial membrane potential (increased green fluorescence
intensity and decreased the red/green fluorescence ratio)
(Fig. 3C), indicating the induction of ROS production
from mitochondria (Fig. 3D).

Then, we further performed similar assays in vitro in
the RAW?264.7 macrophage line. With increasing BC
nanoparticle concentrations, an increase in ROS gen-
eration was observed (Fig. 3E). In contrast, with the
introduction of BM nanoparticles, the ROS generation
of macrophages decreased at low concentrations of
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BM nanoparticles. As the concentration of BM nano-
particles increased, ROS generation increased slightly
compared with that in the control group (Fig. 3E, F).
Further evaluation of JC-1 staining in the RAW264.7
cell line revealed that the intensity of JC-1 monomers
in BC-treated RAW?264.7 cells increased, indicat-
ing the induction of ROS production from mitochon-
dria, similar to the results in tumor cells. However,
an increase in the intensity of JC-1 aggregates in BM-
treated RAW264.7 cells was observed (Fig. 3G), which
demonstrated that the BM nanoparticles did not pro-
mote ROS production from mitochondria and tended
to strengthen mitochondrial integrity. Moreover, mul-
tiple pseudopod morphologies were observed in the
BM-treated RAW264.7 cells, which indicated that the
BM promoted RAW?264.7 cell differentiation to the M1
phenotype, while the group treated with BC nanopar-
ticles exhibited a morphology consistent with the M2
phenotype, and the number of pseudopods in the group
treated with BM is significantly more than that treated
with BC nanoparticles (Fig. 3H and Supplementary
Fig. 1). Although ROS are the main promoters involved
in the development of inflammatory signaling, different
downstream signaling pathways control the direction
of inflammatory signaling. The results indicate that the
BM-treated RAW?264.7 cells differentiated into proin-
flammatory cells via a signaling pathway different from
that in the BC-treated group.

BC/BM combinations with different ratios activate different
inflammatory signaling pathways

We further evaluated the effect of the combination of BC/
BM nanoparticles at different ratios on the differentia-
tion of macrophages [bone marrow-derived macrophages
(BMDMs)]. The F4/80+CD86+ phenotype indicated the
proinflammatory subtype. As the amount of BM increased
(while the dose of BC increased), the proportion of
F4/804+CD86+ BMDMs increased and reached a plateau,
while the proportion of F4/80+CD86+ BMDMs peaked
as the amount of BC increased (while the dose of BM
decreased) (Fig. 3L, J). By further measuring the expression
of genes related to inflammation in BMDMs after different
treatments, we found that the expression levels of CXCL10
and [FNb, which are indicators of the type I interferon
response, were significantly increased in the group treated
with BC/BM combined with Cu/Mn=4:1. Moreover, the
expression levels of IL-6 and TNEF, which are indicators of
NK-kB-induced inflammation, were surprisingly decreased
in this group (Fig. 3K). This indicates that the combination
of BC/BM nanoparticles can regulate the differentiation of
macrophages by optimizing the ratios of BC and BM.
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Fig. 3 A, B DCFH-DA-positive MC38 cells treated with BC and BM, respectively. C JC-1 fluorescence images of MC38 cells after treatment with BC
or BM. D The mechanism by which JC-1 fluorescence changes. E, F DCFH-DA-positive RAW264.7 cells treated with BC and BM, respectively. G
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Construction and characterization of BCM hybrid
nanoparticles and diAMP-loaded BCM (diAMP-BCM)
nanoparticles

Based on the above results, we further synthesized
BCM nanoparticles via a two-step procedure: first,
BSA-CuS (BC) nanoparticles were constructed, and
then MnO, was precipitated from the BC nanoparticles
(Fig. 4A). BCM nanoparticles with an average diameter of
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25.3+5.7 nm (observed by TEM, ~50 nm was measured
by DLS) were obtained (Fig. 4B, C). The zeta potential
of BCM was ~—7 mV. The XPS and XRD results fur-
ther supported the successful linkage of Cu,S and MnO,
in the nanoparticles (Supplementary Figs. 2—4). Com-
pared with BC and BM nanoparticles, BCM nanoparti-
cles exhibit a core—shell morphology (low contraction in
the core region and high contraction in the outer region)
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Fig.4 A Preparation of BCM nanoparticles. B TEM images of BCM nanoparticles. C The particle size distribution of the BCM nanoparticles.

D UV-visible spectra of MB solutions after the introduction of BCM. E ESR spectra of O, after the introduction of BCM. F ESR spectra

of OH after the introduction of BCM at different concentrations. G, H The generation of ROS in MC38 cells after the introduction of BCM
nanoparticles. I Fluorescence images of MC38 cells treated with BCM and stained with JC-1. J DCM image of BMDMs after treatment with BCM.
K Preparation of diAMP-BCM and L TEM image of diAMP-BCM. M The expression of inflammation-related genes in BMDMs after coculture

with diAMP or diAMP-BCM. N Heatmap of gene expression in BMDM s after coculture with different samples, as measured by transcriptome
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(Fig. 4B, enlargement). According to the ICP-AAS meas-
urements, the contents of Cu and Mn in the BCM nan-
oparticles were 4.2+0.4 pg/mg and 18.1+3.2 pg/mg,
respectively, with a Cu/Mn ratio of approximately 4.3:1.
The UV-visible spectrum of the MB solution in the pres-
ence of H,O, decreased dramatically after the addition
of BCM nanoparticles, indicating the generation of ROS
(Fig. 4D). Then, we evaluated the catalytic performance
of BCM in vitro. Enhanced electron spin resonance
(ESR) signals for both -:OH and -O, were detected in the
DMPO/H,0, solution with the addition of BCM nano-
particles (Fig. 4E, F).

In cellular assays, the introduction of BCM nanopar-
ticles promoted the generation of ROS in MC38 cells
and triggered the dissociation of JC-1 aggregates and
the release of JC-1 monomers (Fig. 4G-I). In addition,
the coculturing of BCM nanoparticles and RAW264.7
cells promoted macrophage differentiation to an M1-like
phenotype (Fig. 4]). The results demonstrated that the
obtained BCM nanoparticles maintained the properties
of the BC and BM nanoparticles.

DiAMP-BCM preferentially reinforces antitumor
inflammatory signaling via the STING/IRF7/CXCL10
pathway

As BM nanoparticles exhibit different effects on tumor
cells and macrophages and because Mn ion release from
BM nanoparticles has the potential to stimulate STING,
which can trigger the generation of a type I interferon
response, we further adsorbed the STING agonist cyclic
diadenosine monophosphate (diAMP) into BCM nano-
particles and obtained diAMP-BCM nanohybrids with
a morphology and particle distribution similar to those
of BCM nanoparticles as well as a loading capacity of
0.6+0.1% (pg diAMP/ug BSA) (Fig. 4K, L). By measuring
the hydrodynamic diameters of diAMP-BCM, we found
that the diAMP-BCM maintained ~80 nm in the serum
(Supplementary Fig. 5). The hydrodynamic diameters are
larger than that calculated in the TEM images, which is
the results of the thick hydration layer formed from BSA,
it also the reason that the particles in the TEM images
disperse evenly. Coculturing BMDMs with diAMP-
BCM significantly increased the expression of the main
inflammatory genes of BMDMs, such as CXCLI10 and
IFNBI, while the expression of TNFa and IL6 remained
unchanged (Fig. 4M). This indicates that the loading of
diAMP also promotes the activation of the type I inter-
feron response and does not activate the expression of
protumor genes.

Then, we conducted transcriptome sequencing to
evaluate the effect of diAMP-BCM on the RNA land-
scape of BMDMs extracted from mice. Different land-
scapes were observed in the heatmap showing the gene
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expression patterns of the BMDMs treated with diAMP-
BCM compared with those of the other groups treated
with LPS/IEN, diAMP, and BCM (Fig. 4N). Subsequently,
protumor-related inflammatory genes and antitumor-
related inflammatory genes were extracted from the RNA
sequencing results, and the results indicated a decrease
in the expression of IL6, TNF, etc., while the expression
of CXCLI10 and IRF7 increased in the BMDMs treated
with diAMP-BCM (Fig. 40). KEGG analysis also indi-
cated that diAMP-BCM treatment mainly regulated
genes related to the NF-kB signaling pathway in a man-
ner opposite to that of LPS/IEN (Fig. 4P, Q). These find-
ings demonstrated that diAMP-BCM suppressed the
activation of NF-kB signaling.

The preferential activation of the type I interferon
response mediated by diAMP-BCM in BMDMs was indi-
rectly supported by the inhibition of EGFR dampening
the expression of genes related to type I interferon activa-
tion (Fig. 4R, S) [34]. After the introduction of sorafenib,
an EGFR inhibitor, the increased expression of CXCL10
and IFNB1 decreased to the control level. EGFR mediates
the translocation of STING to late endosomes, which
is a critical process that promotes the activation of the
type I interferon response. When EGFR was inhibited,
the expression of CXCL10 and IFNBI in diAMP-BCM-
treated BMDMs did not increase, indicating that the acti-
vation of the type I interferon response by diAMP-BCM
is dependent mainly on the translocation of STING to
late endosomes. The underlying mechanism still needs
further investigation.

Furthermore, by establishing CT26 CRC models in
BALB/c mice, we evaluated the potential of diAMP-BCM
to inhibit CT26 CRC growth in vivo. Tumor regression
was observed in the group treated with diAMP-BCM,
and 3 in 5 of the tumor-bearing mice were eliminated
(Fig. 4T). Notably, the tumors in the group treated with
BCM grew faster than those in the control group. When
tumor-bearing mice were treated with diAMP-BCM (i.t.)
combined with sorafenib (i.p.), tumor regression medi-
ated by diAMP-BCM was inhibited (Fig. 4U).

diAMP-BCM also preferentially activated antitumor
inflammatory signaling in BMDCs and T cells

As diAMP is a STING agonist, STING activation is a
prevailing signaling pathway in DCs that promotes DC
maturation and generates a type I interferon response.
While comparing with LPS, the portions of mature
DCs after treated by free diAMP are almost equal to
the control group, which is much lower than the group
treated by LPS (Supplementary Fig. 6). It indicates that
the free diAMP has little effect onto the stimulation of
DCs maturing. Studies have demonstrated that Mn has
the potential to stimulate the cGAS-STING pathway,
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which further induces DC maturation and TAM polari-
zation. We first evaluated the effects of the ionic forms
of Mn and Cu on the maturation of DCs stimulated by
a STING agonist. No obvious enhancement of DC mat-
uration was detected by flow cytometry. More impor-
tantly, even in the presence of diAMP, no enhanced
DC maturation was observed as the amount of metal
ions increased. This finding indicated that the extra-
cellular ionic forms of Mn and Cu cannot efficiently
stimulate the activation of STING (Fig. 5A, B). There-
fore, a delivery system was introduced not only for ions
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but also for STING agonists. Compared with the ionic
forms of Mn/Cu alone, the BCM nanoparticles not only
promoted the maturation of DCs but also enhanced
the potential of diAMP to stimulate DC maturation
(Fig. 5B). More interestingly, as either the Cu content or
the diAMP content increased, the proportion of mature
DCs increased (Fig. 5B, C). Although an increase in Mn
content favors further stimulation of DC maturation,
the adverse effect of Mn ions impedes the application
of these nanoparticles in vivo. After stimulation, the
morphology of the BMDM-derived DCs expanded, and
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promoted pseudopod formation was observed with the
introduction of diAMP (Fig. 5D).

Moreover, we further evaluated cytokine levels, which
are the result of DC maturation after STING activa-
tion, in the supernatant of BMDM-derived DCs after
coculturing with different formulations. The concentra-
tions of IL-12p70, TNEF, IFN-gamma and IL-6 were dra-
matically increased in the BM-treated BMDCs, while
diAMP-BCM-treated DCs exhibited decreases in IL-6
and TNF and increases in IL-12p70 and IFN-gamma
(Fig. 5E). Moreover, the IL-10 level was also apparently
upregulated in the supernatant of the cells treated with
diAMP-BCM in a dose-dependent manner (Fig. 5E).
The upregulation of IL-10 is the result of negative feed-
back, while inflammation and maturation are induced in
cells, and some reports also indicate that IL-10 favors the
enhancement of antitumor immunity. These results fur-
ther indicate that diAMP-BCMs exhibit the potential to
induce the maturation and polarization of APCs, espe-
cially DCs and macrophages, to generate proinflamma-
tory cytokines (Fig. 5F).

Furthermore, we isolated CD3+ T cells from splenu-
mentally extracted cells by negative selection via a mouse
CD3+ T-cell isolation kit. Then, the cells were stimulated
with aCD3/aCD28 for several days (Fig. 5G, H). Then, the
stimulated CD3+ T cells were cocultured with different
BCM formulations. Gene levels related to postactivation
of STING were measured by RT-qPCR. The upregulation
of Ifubl, Puma, and Noxa was clearly observed in the
cells treated with diAMP-BCM (Fig. 5I). These findings
indicate that diAMP-BCM also efficiently stimulates the
activation of CD3+ T cells via the STING pathway.

DiAMP-BCM facilitates the recruitment and differentiation
of monocytes by inducing the apoptosis/pyroptosis of CRC
cells

Although diAMP-BCM has exhibited great potential in
regulating the behavior of APCs, recruitment of APCs
to the tumor site favors the long-lasting regulation of
antitumor immunity. Cancer cell apoptosis, particularly
pyroptosis, promotes the recruitment of monocytes to
tumors, and the recruited monocytes can be differenti-
ated to a proinflammatory phenotype by diAMP-BCM
to inflame the TiME. Thus, we first conducted cellu-
lar cytometry assays and CCKS8 assays to evaluate the
cytotoxicity of diAMP-BCM and its potential to induce
tumor cell apoptosis/pyroptosis. The CT26 and MC38
CRC cell lines were used. As the diAMP-BCM concen-
tration increased, a dramatic decrease in cancer cell
survival was observed, and the IC50 of diAMP-BCM
for CT26 cells was ~ 1.25 pg diAMP (Fig. 6A). No obvi-
ous apoptosis was observed in the group treated with
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diAMP alone, and the apoptosis of the CT26 cells
treated with diAMP-BCM was similar to that of the
cells treated with BCM (Fig. 6B). However, the cellu-
lar morphology after diAMP-BCM treatment indicated
that pyroptosis also occurred (Fig. 6C). The percent-
age of surviving cells at this concentration of diAMP-
BCM was approximately 0%, which is also inconsistent
with the percentage of apoptotic cells (only ~ 14%). This
indicates that most cancer cell death may be the result
of pyroptosis.

In the case of MC38 CRC cells, by apoptosis assay
evaluation, we found that high percentages of early
apoptosis and late apoptosis were both observed in
MC38 cells treated with BCM, and the percentages
further increased in the presence of diAMP, in which
the percentage of total apoptotic cells reached ~60%,
which was much greater than that in the BCM-treated
group (Fig. 6D). The potential of diAMP-BCM to
induce tumor apoptosis was dose dependent (Fig. 6E
and Supplementary Fig. 7). As a consequence, diAMP-
BCM efficiently inhibited the growth and proliferation
of tumor cells in vitro. The apoptosis results were con-
sistent with those of the CCK-8 assays performed in the
MC38 cell line (Fig. 6F). The potential anticancer effect
of diAMP-BCM was further supported by the inhibi-
tion of MC38 growth in vivo. After intratumoral injec-
tion, the tumors treated with diIAMP-BCM regressed
within 12 days, and 4 in 5 of the tumor-bearing mice
were eliminated (Fig. 6G, H). Notably, the tumors
treated with BCM nanoparticles alone all tended to
progress, with significantly larger average tumor vol-
umes than those in the control group (which indicates
that hyperprogression occurred) (Fig. 6G, H).

The apoptosis or pyroptosis of cancer cells may pro-
mote the recruitment of monocytes, which can be
differentiated into macrophages or DCs. After one intra-
tumoral injection, the dose of dIAMP was decreased to
5 ug per mouse (Fig. 6I). On day 3, monocytes, as well
as DCs, were obviously recruited to the diAMP-BCM-
treated tumors. These findings indicate that diAMP-
BCM promotes the recruitment of monocytes (Fig. 6],
K). The recruitment of monocytes was mainly ascribed
to the apoptosis of tumor cells caused by Cu and STING
via the Fenton reaction and STING pathway activation.
As previously reported, the recruited monocytes can dif-
ferentiate into TAMs in the immunosuppressive TME,
and the differentiated TAMs further aggravate the immu-
nosuppressive TiME, thus promoting the exhaustion of
T cells. By extracting and deriving monocytes from the
bone marrow, BMDMs were differentiated directly by
diAMP-BCM in vitro. The results indicated that proin-
flammatory phenotypes were induced in the extracted
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BMDMs via the features of M1 macrophages (Fig. 6L,
M). These findings demonstrated that diAMP-BCM itself
can promote the differentiation of monocytes to proin-
flammatory phenotypes with antitumor effects in vivo

(Fig.

6N).

DiAMP-BCM reshaped the TiME landscape to “hot” tumors
during aPD-1 ICB therapy for CRC
It has been demonstrated that the main therapeutic
effects of aPD-1 therapy in vivo are mainly related to
T-cell exhaustion and the recruitment of new peripheral
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T cells from circulation or from tumor-draining lym-
phatic nodes (TDLNs) [6]. The decrease in tumor-resi-
dent CD4+ T cells and CD8+ T cells and the subsequent
recruitment of T cells may favor the enhancement of
aPD-1 therapy and remodeling of the tumor immune
microenvironment. Here, we investigated the effect of
diAMP-BCM on the TiME and the potential of diAMP-
BCM combined with aPD-1 to rebuild the lymphocytic
microenvironment via transcriptome sequencing of
mouse tumors after different treatments. Significantly
different transcriptional landscapes were observed in the
diAMP-BCM- and diAMP-BCM+aPD-1-treated groups
compared with the other groups (saline-, BM-, and BCM-
treated groups), particularly in the diAMP-BCM+aPD-
1-treated groups (Fig. 7A). More than 1200 genes were
upregulated in the tumors of mice treated with diAMP-
BCM+aPD-1, which was much greater than the number
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of upregulated genes in the tumors of mice treated with
diAMP-BCM (Supplementary Fig. 8). This finding indi-
cated that the introduction of aPD-1 further reshaped the
TiME. By Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses
(Fig. 7B-E), we found that the combination of diAMP-
BCM and aPD-1 promoted the stimulation of immune
responses, as the DEGs were mainly associated with
immune responses, and genes related to “PD-L1 expres-
sion and the PD-1 checkpoint pathway in cancer” were
also found to be upregulated.

Additionally, genes related to pyroptosis, mast cell
(MC) recruitment, inflammation, B-cell recruitment,
NK cell/T-cell recruitment, T-cell activation, and ter-
tiary lymphoid structure (TLS) formation were signifi-
cantly upregulated in the diAMP-BCM+aPD-1-treated
group, while only genes related to MC recruitment,
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inflammation, and TLS formation were upregulated
in the diAMP-BCM-treated group. Genes related to
immune checkpoint indicators and immunosuppres-
sion were also upregulated in the diAMP-BCM+aPD-
1-treated group, indicating feedback regulation of the
immune system. (Fig. 7F). Furthermore, unlike the results
obtained for BMDMs in vitro, the expression of IL6 and
TNF in tumor tissues was still significantly increased
after dIAMP-BCM treatment, particularly during aPD-1
ICB therapy. These findings indicate that other cell types
beyond APCs overexpress protumor inflammatory genes,
e.g., IL6 and TNE. According to the cytotoxicity results
of diAMP-BCM to cancer cells, pyroptosis may occur
when cancer cells are treated with diAMP-BCM. Pyrop-
tosis of cancer cells can also promote the expression of
pro-tumor inflammatory cytokines, including IL6, TNE,
and IL1, which are all overexpressed in tumor tissues
treated with diAMP-BCM with or without aPD-1 therapy
(Fig. 7F, G).

Using xCELL and immuneCC analyses, we found
that the proportions of CD8* T cells and CD8" effector
memory T (Tem) cells were significantly decreased in the
group of mice treated with diAMP-BCM alone. With the
introduction of aPD-1, the proportions of CD8* T cells
and CD8+ Tem cells as well as the proportion of CD8*
central memory (Tcm) cells increased (Fig. 7H). These
changes were accompanied by a synchronous increase in
the number of B cells and APCs, including DCs and mac-
rophages (Fig. 7I). The immune score, stroma score and
microenvironment score also indicated that the introduc-
tion of aPD-1 changed the TiME (Fig. 7J). Similar results
were obtained by single-sample gene set enrichment
analysis (ssGSEA), which revealed a marked increase in
the proportion of effector T cells and their related immu-
nocytes (Fig. 7K-M).

The diAMP-BCM enhances the efficacy of CRC ICB (aPD-1)
immunotherapy in vivo

To evaluate the potential of diAMP-BCM combined
with aPD-1 to remodel the TiME and increase the effi-
cacy of immunotherapy, we further assessed the effect
of diAMP nanoparticles (diAMP-BM, diAMP-BC, and
diAMP-BCM with different Cu/Mn ratios) on ICB CRC
immunotherapy. During the administration of aPD-1,
the growth of MC38 cells was inhibited in vivo. However,
without continuous administration of aPD-1, the growth
of MC38 cells was similar to that of the control group
(Supplementary Fig. 9). With the introduction of diAMP-
BCM, tumor growth was obviously inhibited, and regres-
sion was observed in some of the tumors. At the same
dose of either Mn or Cu, the tumor growth inhibition in
the groups treated with diAMP-BM or diAMP-BC was
significantly inferior to that in the diAMP-BCM-treated
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group, although moderate tumor growth inhibition was
achieved by these treatments. In addition, the results
indicated that the Cu/Mn ratio critically affects the ther-
apeutic outcome of ICB. As the Cu/Mn ratio increased
from 0.25/1 to 1:1, the average volume and tumor weight
increased, although there were no significant differences
between these two groups. As the Cu/Mn ratio further
increased (Fig. 8A—C). This finding demonstrated that
Cu/Mn-based treatment enhanced the therapeutic effi-
cacy of ICB when combined with a STING agonist and
that the therapeutic efficacy can be regulated by the Cu/
Mn ratios within the nanoparticles.

Then, we further evaluated the effects of different treat-
ments on the TiME, particularly on macrophages and
immunocytes, by immunofluorescence staining of tumor
sections (Fig. 8D). Both the groups treated with diAMP-
BM+aPD-1 and diAMP-BCM+aPD-1 (Cu/Mn=4:1)
exhibited an increased proportion of F4/80+CD86+
macrophages, which are considered proinflammatory,
or M; macrophages. Moreover, these two groups also
exhibited a decrease in the proportion of F4/807CD206*
macrophages. This finding indicated that the TiME
remodeled to a proinflammatory state in response to
these two treatments. Notably, the group treated with
diAMP-BC+aPD-1 exhibited an increased proportion
of F4/80*CD206" macrophages. More importantly, the
proportion of CD3*CD8" T cells was much greater than
that in the other group, and this T-cell phenotype was
rare in the diAMP-BCM+aPD-1 (Cu/Mn=4:1)-treated
group. However, the diAMP-BCM+aPD-1 (Cu/
Mn=4:1)-treated group had a significantly greater
number of CD3* cells surrounding the tumor (Fig. 6D).
This finding indicated that diAMP-BCM+aPD-1 (Cu/
Mn=4:1) decreases the proportion of CD3*CD8* T cells
but promotes the recruitment or cloning of CD3™ cells in
the initial period after treatment.

diAMP-BCM combined with ICls facilitates distal tumor
management and alleviates distal T-cell exhaustion

This study demonstrated that diAMP-BCM promoted
the rebuilding of the tumor lymphocytic microenvi-
ronment and increased the efficacy of immunother-
apy, which indicated the potential of this strategy for
inhibiting the growth of distal tumors. CRC normally
occurs in multiple areas. It is necessary to establish
a CRC therapeutic strategy to inhibit distal tumors.
Therefore, we established an MC38 tumor model
on both flanks of C57BL/6] mice simultaneously;
only the tumors on the right side were intratumor-
ally injected with diAMP-BCM, and all of the mice
except the control mice were subsequently intraperi-
toneally injected with aPD-1 (Fig. 9A). The volumes
of the tumors on both sides were recorded. The most
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efficient tumor growth inhibition was observed in the
group treated with diAMP-BCM+aPD-1, which inhib-
ited the growth of not only the treated right-sided
tumors but also the treated distal left-sided tumors
(Fig. 9B-D). Tumor progression was slightly inhib-
ited in the group treated with diAMP+aPD-1, but the
tumor growth in this group was far faster than that
in the diAMP-BCM+aPD-1-treated group. This find-
ing revealed that BCM has a synergistic effect with
ICB immunotherapy. Then, we evaluated the effect of
combination therapy on the TiME of tumors on the
treated side and the distal nontreated side. An obvi-
ous increase in the proportion of F4/80+CD1llc+
cells was observed in the group treated with diAMP-
BCM+aPD-1 in both the treated tumors and distal
tumors (Fig. 9E, H). Similar results regarding the pro-
portions of CD3*CD8* T cells were obtained (Fig. 9F,
I). More importantly, by further staining for the
exhausted T-cell markers PD-1 and TIM-3, we found

that the proportion of CD3*CD8*PD-1"TIM3* T cells
in distal tumors dramatically decreased in the group
treated with diAMP-BCM+aPD-1, while the propor-
tion of CD3*CD8*PD-1*TIM3* T cells on the treated
side did not significantly differ (Fig. 9G, J). The results
of multiplex immunohistochemistry (mIHC) stain-
ing of tumor slices of distal tumors further revealed a
decrease in exhausted T cells with enhanced enrich-
ment of CD3*CD8* T cells and CD3*CD8*TCF1* T
cells (Fig. 9K, L). Further investigation of the tumor
tissues obtained 3 days after the final intratumor injec-
tion revealed enhanced monocyte enrichment in the
group treated with diAMP-BCM+aPD-1 (Supplemen-
tary Fig. 10), with an increase in CD3+CD8+ T cells,
indicating the expansion of effector T cells; moreover,
in both the treated tumors and the distal tumors, a
decrease in the proportion of CD3*CD8*PD-1"TIM3*
T cells was also observed in this group (Supplemen-
tary Fig. 11 and Supplementary Fig. 12). We also found
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Fig. 9 Effect of diAMP-BCM combined with aPD-1 on the growth inhibition of distal tumors and the underlying immune response. A Schematic
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that the proportion of CD3*CD8*PD-1*TIM3*" T
cells in the spleens of the mice treated with diAMP-
BCM+aPD-1 was lower than that in the other groups
(Supplementary Fig. 13). In the initial period, diAMP-
BCM+aPD-1 not only promoted the expansion of
effector T cells but also alleviated T-cell exhaustion in
both primary tumors and distal tumors.

Discussion

Colorectal cancer (CRC) is a fatal cancer with high mor-
bidity and mortality. Although ICB has provided a prom-
ising option for efficient inhibition of CRC, only a small
portion of patients benefit from this approach. Most
CRC patients with pMMR/MSS features have a low
or even no response, while more than 30% of dMMR/
MSI-H CRC patients are resistant (primary or acquired)
to ICB therapy [3, 35, 36]. Converting the “cold” TIME
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to a “hot” milieu has become the prevailing strategy for
enhancing the response of CRC to ICB therapy. How-
ever, a “hot” TiME is generally accompanied by aggra-
vated inflammation and versatile chemokines/cytokines.
Some chemokines/cytokines, e.g., TNF and IL-6, have
been demonstrated to play a role in promoting cancer
progression. In addition, inflammation is also considered
the main cause of resistance to ICB therapy in dMMR/
MSI-H CRC patients [8]. Therefore, strategies that pref-
erentially activate antitumor inflammatory signaling,
rather than protumor signaling, need to be developed to
enhance the effectiveness of CRC ICB therapy.

Because ROS are the main driving force and main
promoter involved in the formation and progression of
inflammation, metal-based nanoparticles with intracel-
lular catalytic performance are promising candidates for
the regulation of inflammation. Thus, we first prepared
BC and BM nanoparticles. These catalysts exhibited
excellent catalytic properties, as expected. More impor-
tantly, by adjusting the ratio of BC and BM nanoparti-
cles, diverse activation intensities of macrophages were
observed, indicating that the BC/BM ratio controls the
activation of macrophages.

By in vitro assessment, we confirmed the potential of
BCM nanosystems to stimulate the production of ROS.
We further adsorbed diAMP into the BCM structure
and obtained diAMP-BCM nanohybrids. diAMP-BCM
promoted the polarization of RAW264.7 cells to a pro-
inflammatory phenotype. We also found that diAMP-
BCM nanoparticles upregulated the expression of IRF7
and CXCL10 while decreasing the expression of TNE IL6,
etc. The enhanced expression of IRF7 and production of
CXCL10 indicate the activation of the type I interferon
response, which promotes antitumor immunity [37].
TNF-a and IL6 are considered indicators of the activa-
tion of protumor inflammatory signaling. The results
demonstrated that diAMP-BCM achieved the primary
goal of this study. Furthermore, apoptosis and pyropto-
sis were observed in diAMP-BCM nanocomplex-treated
MC38 cells and CT26 cells. In situ treatment of tumors
with diAMP-BCM can not only promote the recruit-
ment of monocytes but also favor the differentiation of
recruited monocytes to proinflammatory phenotypes
instead of TAMs [38, 39].

In combination with aPD-1, diAMP-BCM nanohy-
brids reshape the TiME. With the combination of ICB
therapy, diAMP-BCM seemed to induce the formation
of TLSs, which was supported by the overexpression of
markers related to B-cell recruitment (CXCL13) and
high endothelial venule (HEV) formation (TNFSF14) as
well as T/NK cell recruitment (CXCL9/CXCL10). TLSs
serve as important control centers for the recruitment of
immunocytes and the induction of their differentiation,
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and in several cancer cell types, the formation of TLSs
is positively correlated with the prognosis of cancer
patients [40—42]. Moreover, MM3 and MMP8 were also
upregulated in the group treated with diAMP-BCM com-
bined with ICB. These parameters are also considered
indicators of a positive prognosis [43—45]. By xCELL and
immuneCC analysis as well as ssGSEA of the transcrip-
tional profiles of the tumor tissues after different treat-
ments, we found that the diAMP-BCM combined with
ICB treatment group exhibited the highest immune score
and microenvironment score [46, 47], further demon-
strating that the therapeutic outcome of the combination
therapy is the consequence of TiME regulation.

Moreover, the potential of diAMP-BCM combined
with ICB to remodel TiME could be regulated by the
ratios of the metals due to their ability to regulate cell
behavior. According to the results of the in vivo MC38
CRC model experiment, without other interventions, BM
alone resulted in an inflammatory microenvironment
that promoted the progression of tumors. However, the
Cu-based nanosystem induced apoptosis in tumor cells
via ROS generation, which indicated that Cu can facili-
tate macrophage polarization to an anti-inflammatory
phenotype. By adjusting the ratios of Cu/Mn in diAMP-
BCM, we can maximize tumor growth inhibition while
combining diAMP-BCM with aPD-1. This finding indi-
cates that diAMP-BCM favors minimizing the influence
of the immunosuppressive TiME on recruited T cells
and instead promotes the differentiation of milieus-like
T cells to effector T cells, which enhances the efficacy of
ICB.

The final but most critical factor is that immune
stimulation by diAMP-BCM combined with ICB
immunotherapy can also promote the inhibition or
even regression of distal CRC. CRC is characterized by
dissemination and multiple loci. Enhancing the inhi-
bition of distal tumors is critical. In the distal tumor
model, the primary tumors of diAMP-BCM+aPD-
1-treated mice regressed, while the growth of distal
tumors was also inhibited and appeared to be in remis-
sion. By further analyzing the lymphocytic microenvi-
ronment after different treatments, the expansion of
CD3+4+CD8+ T cells was indicated by the increase in
the proportion of CD37CD8" T cells in the diAMP-
BCM+aPD-1-treated group on day 3 or day 8 after the
final intratumoral injection. This indicates that the
introduction of aPD-1 changes the potential of diAMP-
BCM to regulate the lymphocytic microenvironment.
Moreover, diAMP-BCM+aPD-1 treatment reduced
the proportion of CD3*CD8*PD-1*TIM3" T cells in
both the treated tumors and distal tumors and in the
spleen on day 3. However, on day 8, the proportion of
CD3*CD8*PD-1*TIM3™" T cells in the treated tumors
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increased, while that in the distal tumors remained
low. CD3*CD8*PD-1*TIM3* T cells can be consid-
ered exhausted T cells, which make up a large number
of intratumoral T cells and are positively correlated
with poor patient prognosis in some cancer types [48,
49]. Although some recent studies have indicated that
exhausted T cells still maintain antitumor activity,
strategies have been developed to reactivate exhausted
T cells, particularly exhausted T-cell progenitors. In
addition, newly recruited tumor-infiltrating T cells are
still exposed to the immunosuppressive TME, which
completely impairs the effector functions of T cells
shortly (24 h) after the recruited T cells encounter
the TME [50, 51]. Therefore, strategies that efficiently
remodel the TiIME to promote effector T-cell function
could be promising for enhanced ICB therapy [52]. We
demonstrated that diAMP-BCM+aPD-1 can efficiently
alleviate T-cell exhaustion, and treatment of tumors
with diAMP-BCM combined with aPD-1 resulted in
excellent tumor inhibition in both treated tumors and
distal tumors.

In summary, we constructed a STING agonist-
loaded bimetallic nanosystem, termed diAMP-BCM.
BCM with an optimized Cu/Mn ratio efficiently pro-
moted the activation of proinflammatory signaling,
and in combination with the STING agonist diAMP,
the diAMP-BCM nanohybrids controllably activated
inflammatory signaling, reinforcing antitumor immu-
nity. DIAMP-BCM can efficiently generate ROS and
promote the activation of STING, which induces the
apoptosis of cancer cells and promotes the recruit-
ment of monocytes while facilitating the polarization
of macrophages and maturation of DCs. Combined
with ICB therapy, diAMP-BCM enables the rebuilding
of tumor milieus with efficient tumor growth inhibi-
tion and alleviation of T-cell exhaustion, particularly
in distal tumors in the long term. Although this nano-
system is still facing that the limitation of intratumoral
injection, some state-of-the-art technique for effec-
tively systematic delivery of the therapeutics have been
developed [53-55]. These systems provide potential
options to address this issue. This study established
a nanoplatform to promote the activation of antitu-
mor inflammatory signaling pathways and rebuild the
T-cell repertoire to enhance cancer immunotherapy
combined with ICIs. Although further investigations
need to be performed in other cancer models with dif-
ferent pathological classifications, this approach pro-
vides an alternative strategy to remodel the TiME and
alleviate T-cell exhaustion.

Page 17 of 22

Methods and materials

Materials

The chemical and biological reagents used in the study
are listed in Supplementary Table 1.

All animal procedures were performed following pro-
tocols approved by the Institutional Animal Care and
Treatment Committee of Sichuan University (Chengdu,
P. R. China) and West China Hospital, Sichuan Univer-
sity. The cell cultures were maintained in an incubator
at 37 °C with a humidified 5% CO, atmosphere. Mice
were kept under specific pathogen-free (SPF) condi-
tions with free access to standard food and water.

Preparation of BCs, BMs, BCMs and diAMP-BCMs

The BCMs were prepared according to our previous
reports with some modifications. In brief, a two-step
procedure was used to prepare BCM. First, 1 mL of
Cu(NO;), HNOj solution (0.2 M) was added dropwise
to an aqueous solution of BSA (250 mg/mL), and then
the mixture was stirred for 30 min at room tempera-
ture. Then, the reaction mixture was transferred to an
oil bath preheated to 90 °C, and 3 mL of Na,S solution
(0.2 M) was added under stirring. The reaction was
maintained for another 30 min before dialysis against
distilled water (the cutoff molecular weight was 10 kDa)
for 48 h. The obtained dialyzed solution was further
lyophilized, and the BC product was kept in a dry and
low-temperature environment for further applications.

To further prepare BCM nanoparticles, lyophilized
BC powder was first dissolved in distilled water, and
then a certain amount of MnCl, aqueous solution was
added and stirred for 10-15 min at RT. NaOH was
added, and the reaction was maintained for another 3 h.
The pH of the reaction mixture was monitored during
the reaction. Similar to the postprocessing procedure,
the postprocessing procedure was performed according
to that of BC preparation.

The diAMP-BCMs were prepared by mixing the
diAMP aqueous solution with a certain amount of
BCMs (or BCs, BMs) dissolved in 1XPBS for 2 h at 4 °C.
Purification was conducted by ultrafiltration to detect
the amount of diAMP in the filtrate to indirectly calcu-
late the loading capacity.

The morphologies of the obtained BCMs, BCs, and
BMs were observed by a telescope electronic micro-
scope. The absorption of the nanoparticles was meas-
ured by a UV-visible spectrometer. The binding
energies of the elements in the nanoparticles were
measured by XPS, while the contents of Cu and Mn
were detected by ICP-AES after the ions in the nano-
particles were extracted and dissolved in the acidic
media.
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ROS generation of BCMs

The ROS generation of BCMs can also be estimated by
ESR spectroscopy (Bruker EMXnano spectrometer, Ger-
many). The free radical capture agent DMPO was utilized
to detect the -OH generated from the Fenton reaction of
CU and Mn with H,0, (2 mM), which presented char-
acteristic peaks in the ESR spectra. Different concentra-
tions of BC, BM and BCM were added, and the ability of
the nanoparticles to generate -OH was indicated by the
decrease in the ESR signal.

Intracellular ROS generation in BCMs

To quantify the ROS generation ability of BCMs,
RAW?264.7 cells and HUVECs were seeded into 6-well
plates at densities of 1x10° and 1.5x10° cells per well,
respectively. After 24 h of incubation, the cells were
then treated with different concentrations of the BCMs
(0-10 pg/mL) and cultured for another 12 h. Next, the
Raw264.7 cells were stimulated with LPS (100 ng/mL)
for 6 h, and the HUVECs were treated with H,O, (1 mM)
for 1 h before being loaded with the DCFH-DA probe
(10 uM) for 20 min in the dark. Cells incubated with
LPS or H,O, only were used as controls. After washing
with FBS-free culture buffer, the levels of cellular ROS
were monitored by flow cytometric analysis (NovoCyte
Flow Cytometer). To further investigate mitochondrial
reactive oxygen species (mitoROS) in live cells reliably,
mitoSOX "™ probes at a final concentration of 5 pM were
added to the aforementioned BCM-treated HUVECs and
incubated for 1 h at 37 °C in the dark, followed by flow
cytometric analysis. Finally, the viability of the Raw264.7
cells and HUVECs was measured by the MTT assay.

A similar procedure was used to evaluate the mito-
chondrial membrane potential by JC-1 staining. When
the cells were stained with JC-1, after being cocultured
with different formulations, the fluorescence of JC-1 was
observed by laser scanning confocal microscopy.

Extraction of myeloid cells and induction of DCs

and macrophages as well as splenic CD3+ T cells

MC extraction and induction of macrophages and DCs
were performed according to standard protocols with
some modifications. MCs were extracted from C57/B6]
mice and Ai9-LysMcre mice. The thigh bones of these
mice were eviscerted after they were euthanized and
immersed in 75% ethanol aqueous solution for 10 min.
The marrow cells were obtained by repeatedly washing
the bone with a syringe containing PBS. Then, the mar-
row cells were collected by centrifugation and recultured
in Petri plates with culture medium supplemented with
10% FBS and stimulating factors (M-CSF, 20 ng/mL for
macrophage induction; GM-CSF, 20 ng/mL for dendritic
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cells). After being cocultured with stimulating factors for
several days (5 days for macrophages and 7 days for den-
dritic cells), the obtained differentiated myeloid cell phe-
notypes were used for further induction assays.

Effect of BCMs (+ diAMPs) on the maturation

of GM-CSF-induced DCs

After the BMDMs were induced to differentiate into DCs,
BCMs with or without diAMP loading were added to the
media to induce DC maturation. Different concentrations
of BCMs and diAMPs were investigated. In addition to
the BCMs tested, ions (Mn?*" and Cu®*) with or with-
out diAMP were also evaluated. After being cocultured
for 24 h or 48 h, the cells were collected and washed
before immunofluorescence staining for flow cytometry.
aCD11c, aCD80, and aCD86 were used to identify the
proportion of mature DCs. For morphological observa-
tion, the BMDMs extracted from the transgenic mice
with red fluorescence were used for better imaging. After
coculturing with different formulations (BCMs, diAMP-
BCMs, etc.), the DCs were fixed and stained for actin
with phalloidine and then washed with 1XPBS three
times before being observed by laser scanning confocal
microscopy.

Effect of BCMs on the polarization of M-CSF-induced
macrophages
The RAW?264.7 cell line and GM-CSE-stimulated myeloid
cells were chosen to evaluate the effect of BCMs on the
polarization of macrophages. The cell culture proce-
dure was performed as described in our previous report.
Briefly, nontreated RAW?264.7 cells were placed in a six-
well plate with 1105 cells in each well. After being cul-
tured in an incubator with DMEM supplemented with
10% EBS for 8 h, LPS, IEN-y, IL-4 and IL-10 were added
to induce the polarization of the cells to the M1 or M,
phenotype. After another 36 h, the medium was replaced
with fresh medium, and BCMs at different final concen-
trations were added to the wells prepolarized with IL-4
and IL-10. Then, for flow cytometry, the cells were col-
lected, stained with immunofluorescent antibodies,
washed and measured by flow cytometry. For fluores-
cence imaging, at different time points, the cells were
fixed with 4% paraformaldehyde for 20 min and then
washed with PBS 3 times. The cells were permeabilized
with 0.2% Triton X-100 for 5 min and then washed with
PBS before blocking with BSA. For morphological obser-
vation, the cells were directly observed by optical micros-
copy after they were fixed with 4% paraformaldehyde for
20 min and washed with PBS 3 times.

After BMDMs were induced to differentiate into mac-
rophages, BCMs were added to evaluate the effect of
BCMs on the polarization of macrophages.
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A similar procedure was used to evaluate the effect of
BCMs on the polarization of M-CSF-induced BMDM-
derived macrophages. After coincubation, the cells were
collected and stained with aCD11b, aF4/80, aCD86, and
aCD206. The proportions of different macrophage phe-
notypes were measured by flow cytometry.

In vitro cytotoxicity of BCs, BMs and BCMs

Several cell lines, including MC38 cancer cells, Jur-
kat cells, BMDM-derived DCs, BMDM-derived mac-
rophages, and splenic T cells, were used to evaluate the
cytotoxicity of BCMs. For MC38 cancer cells, Jurkat cells,
BMDM-derived DCs, and BMDM-derived macrophages,
CCK8 assays and apoptosis assays were performed
according to standard procedures. In brief, the cells were
placed on plates and cultured for 24 h, after which differ-
ent formulations at different concentrations were added
for further coculturing. At different time points, the cells
were washed and stained according to the instructions
of the CCK8 kit and Annexin V-EGFP apoptosis detec-
tion kit, respectively. The apoptosis of different cells was
detected by flow cytometry.

In the case of splenic T cells, splenic T cells were
extracted from the spleens of normal C57BL/6] mice.
After being washed and treated with red blood cell lysis
solution and further washed, the obtained splenic cells
were cocultured with aCD3/aCD28 (1 pg/mL) for 48 h.
Then, the cells were collected, washed and placed into a
plate. Different BCMs at different concentrations were
added to the plates for coculture with the induced T cells.
After being cocultured for different durations, the cells
were collected and stained with aCD45/aCD3/aCD4/
aCD8/aPD-1/aTIM-3 according to the instructions of the
Annexin V-EGFP apoptosis detection kit. The popula-
tions and apoptosis of different T cells were measured by
flow cytometry.

In vivo tumor growth inhibition of BCs and BCMs

in combination with a STING agonist and ICls

An MC38 tumor model was established by subcutane-
ously injecting 5x 105 MC38 cells or CT26 cells into the
flanks of C57/B6] mice or BALB/c mice. When the tumor
volume reached 50-100 mm?, the mice were divided into
different groups and subjected to different treatments.

To evaluate the effect of diAMP-BCMs on the lym-
phocytic microenvironment, MC38 tumor-bearing mice
were divided into four groups and treated with saline,
diAMP-BM, diAMP-BC, or diAMP-BCM. The formula-
tions were intratumorally injected 3 times (once every
3 days). Three days after the final injection, the mice were
sacrificed by anesthesia, and the tumors were eviscerated,
digested and sieved for staining. The populations of T
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cells, monocytes, macrophages, DCs, etc., were measured
by flow cytometry after staining for specific cell markers.

In the assay evaluating the dynamic variation in T cells
in tumors after diAMP-BCM treatment, the mice were
divided into 7 groups and treated with saline, BM, BC,
BCM, or diAMP-BCM (three groups) by intratumoral
injection. The mice in the four groups (treated with
saline, BM, BC, BCM, or diAMP-BCM) were sacrificed
by anesthesia on day 3 after the final injection, and the
tumors were eviscerated, digested and sieved for stain-
ing. The remaining two groups treated with diAMP-BCM
were sacrificed by anesthesia on day 1 and day 7 after
the final injection, and the tumors were also eviscerated,
digested and sieved for staining. The populations of T
cells, NK cells, etc., were measured by flow cytometry
after staining for specific cell markers.

In the assays evaluating the effect of the Cu/Mn ratio
on tumor growth inhibition in vivo combined with aPD-
1, the MC38-bearing mice were divided into 6 groups
and treated with saline, diAMP-BM+aPD-1, diAMP-

BC+aPD-1, diAMP-BCM+aPD-1 (Cu/Mn=4:1),
diAMP-BCM+aPD-1  (Cu/Mn=1:1), or diAMP-
BCM+aPD-1 (Cu/Mn=0.25:1). diAMP-BM, diAMP-

BC, or diAMP-BCM was intratumorally injected 3 times
(once every 3 days), while aPD-1 was i.p. injected 5 times
(once every other day, starting on day 1 after the first
intratumoral injection).

In the assay evaluating the effect of diAMP-
BCM+aPD-1 treatment on distal tumor growth inhi-
bition, MC38 cells were subcutaneously injected into
both flanks of C57/B6]J mice, and when the tumor vol-
ume reached 50-100 mm?, the mice were divided into
four groups and treated with saline, diAMP+aPD-1, or
diAMP-BCM+aPD-1 (Cu/Mn=4:1). BC/BM represents
the mixture of BC and BM. DIAMP and diAMP-BCM
were intratumorally injected 3 times (once every 3 days),
while aPD-1 was i.p. injected 5 times (once every other
day, starting on day 1 after the first intratumoral injec-
tion). Three days after the final injection of aPD-1, the
mice were sacrificed by anesthesia, and the tumors were
removed, digested and sieved for staining. The popula-
tions of different types of T cells were measured by flow
cytometry after staining for specific markers.

Transcriptome sequencing of tumor tissues

or reprogrammed cells after different treatments

The transcriptional landscape of the tumors after differ-
ent treatments was measured by transcriptome sequenc-
ing. After removal, the tumor tissues were precooled in
liquid nitrogen and then stored at —80 °C before RNA
extraction and purification. Total RNA was extracted
from the tumor tissues before mRNA accumulation and
purification. Then, fragmentation was performed to treat
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the mRNA, and a sequencing library (with a paired-end
library) was subsequently constructed. After quality
evaluation, the samples were sequenced on an Illumina
HiSeq platform. The sequencing data were analyzed on
the GeneCloud platform.

In vivo tumor growth inhibition of aPD-1

MC38 cells (5%x105) were subcutaneously implanted
into the flanks of C57BL/6] mice (8 weeks old). When
the average tumor volume reached 50-100 mm?, the
tumor-bearing mice were divided into two groups and
treated with saline or aPD-1. aPD-1 was i.p. adminis-
tered once every two days 5 times. The tumor volumes
were recorded and calculated. On day 3 after the final
administration, the mice were sacrificed under anesthe-
sia, and the tumors were removed, digested and filtered
for lymphocyte analysis. A similar procedure was used to
measure lymphocytes in the spleen. aCD3, aCD3, aCD3,
aPD-1, and aTIM-3 were used to identify lymphocyte
populations by flow cytometry.

Multiplex immunohistochemical (mIHC) assays

mIHC assays were performed to evaluate the frequency
of lymphocytes in the tumors after different treat-
ments. The obtained tumor tissues were subjected to
fluorescence staining with multiple antibodies, includ-
ing aCD3 (CST78588), aCD8 (ABCAM217344), aPD-1
(CST84651), aTIM-3 (ABCAM241332), and aTCF-1
(CST2203). Semiquantitative analysis of the frequency
and proportion of different lymphocytes was performed
with the assistance of an absin. Ltd.

Statistical analysis and software

Statistical analysis was performed using SPSS 15.0 soft-
ware (IBM Corporation, Armonk, NY, USA). The results
are presented as the means+ SDs. Analysis of variance
(ANOVA) was used for multiple group comparisons, and
p<0.05 was considered to indicate statistical significance.
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