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A B S T R A C T

In recent years, immune checkpoint blockades (ICBs) have made great progress in the treatment of cancer.
However, most ICBs have not yet been observed to be satisfactory in the treatment of osteosarcoma. Herein, we
designed composite nanoparticles (NP–Pt-IDOi) from a reactive oxygen species (ROS) sensitive amphiphilic
polymer (PHPM) with thiol-ketal bonds in the main chain to encapsulate a Pt(IV) prodrug (Pt(IV)–C12) and an
indoleamine-(2/3)-dioxygenase (IDO) inhibitor (IDOi, NLG919). Once NP-Pt-IDOi enter the cancer cells, the
polymeric nanoparticles could dissociate due to the intracellular ROS, and release Pt(IV)–C12 and NLG919.
Pt(IV)–C12 induces DNA damage and activates the cGAS-STING pathway, increasing infiltration of CD8þ T cells in
the tumor microenvironment. In addition, NLG919 inhibits tryptophan metabolism and enhances CD8þ T cell
activity, ultimately activating anti-tumor immunity and enhancing the anti-tumor effects of platinum-based drugs.
NP-Pt-IDOi were shown to have superior anti-cancer activity in vitro and in vivo in mouse models of osteosarcoma,
providing a new clinical paradigm for combining chemotherapy with immunotherapy for osteosarcoma.
Osteosarcoma is a rare and aggressive bone cancer that occurs in the
long tubular bones of adolescents [1,2]. It has a high propensity to
metastasize and requires intensive chemotherapy before and after sur-
gery [3]. The prolonged and excessive use of anti-cancer drugs increases
the risk of harmful side effects and cancer cell resistance, creating a
hostile and immune-suppressive environment around the tumor [4–7].
Reprogramming the immunosuppressive microenvironment shows
promise in improving the efficacy of combined chemotherapeutic agents
and immunotherapy [8–10].

Stimulator of interferon genes (STING) is a protein embedded in the
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membrane of the endoplasmic reticulum [11,12]. When the STING pro-
tein is activated, it triggers a powerful immune response against tumors,
turning "cold" tumors with low immunity into "hot" tumors with high
immunity [13,14]. Therefore, activating STING pathway could enhance
the anti-tumor effect with powerful immune response [15,16], and
STING agonists have attracted much attention for cancer immunotherapy
[17,18]. Platinum-based anti-cancer drugs, such as cisplatin (Cis), oxa-
liplatin and carboplatin, are the first-line anti-tumor agents in osteosar-
coma chemotherapy regimens [2,19]. Cis exerts its anti-cancer effect by
cross-linking with the DNA in cancer cells and causing DNA damage [20,
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21]. Research has shown that the damaged DNA fragments in cancer cells
can escape into the cytoplasm and be detected by cGAS, which produces
cGAMP from ATP and GTP [22,23]. Subsequently, cGAMP could bind to
STING in the cancer cells and activate the STING pathway [24–26].
Hence, novel drug delivery systems for platinum drugs can reduce Cis's
systemic toxicity and enhance its tumor-targeted accumulation [27–29],
as well as improve the immunosuppressive microenvironment and pre-
vent cancer cells from evading the immune system [30,31].

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that can oxidize
tryptophan into kynurenine in immune cells [32]. However, tumor cells
can overexpress IDO and deplete tryptophan in the tumor microenvi-
ronment, which suppresses the function and activity of
tryptophan-sensitive T cells [33,34]. Therefore, inhibiting IDO activity
and expression can effectively enhance the activity of tumor-infiltrating T
cells induced by STING activation, and thus enhance the activation of the
immune system to kill tumor cells [35,36]. However, STING agonists and
IDO inhibitor (IDOi) need to reach the tumor cells effectively to exert
their full potential [37,38]. Previous studies have shown that drug de-
livery systems can enhance drug accumulation in tumors [39,40].
Therefore, developing drug delivery systems can efficiently transport
STING agonists to the tumor site and cancer cells is crucial for activating
the STING pathway and improving the immunotherapy outcomes [41,
42].
Scheme 1. NP-Pt-IDOi activated the STING pathway in vivo an
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To this end, a platinum (IV) prodrug (Pt(IV)–C12) with two hydro-
phobic aliphatic chains in the axial direction was developed from Cis
[43]. Moreover, a new polymer with thiol-ketal bonds in the main chain
(P1) that can react with ROS was also designed [44]. Subsequently, P1,
Pt(IV)–C12 and IDOi (NLG919) were self-assembled by nano-
precipitation into composite nanoparticles (NP–Pt-IDOi, Scheme 1) that
not only inhibited tryptophan metabolism in cancer cells, but also
induced DNA damage and activated the STING pathway. The inhibition
of cancer cells by NP-Pt-IDOi was evaluated on several osteosarcoma cell
lines in vitro. Furthermore, a mouse tibia in situ tumor model based on
K7M2-LUC cells was constructed, and the inhibition of osteosarcoma
growth by NP-Pt-IDOi in vivo was investigated. We demonstrated that
NP-Pt-IDOi exhibited the synergistic effect of chemotherapy and immu-
notherapy and could facilitate the translational application to treat os-
teosarcoma patients with poor sensitivity to platinum drugs (Scheme 1).

1. Results and discussion

1.1. Preparation, characterization, and intracellular uptake of NP-Pt-IDOi

NLG919 is a highly effective IDO inhibitor with poor water solubility,
which limits its use in the clinic [45,46]. In order to deliver NLG919 for
rapid drug release in cancer cells, an oxidation-sensitive polymer with
d enhanced immune responses for efficient cancer therapy.
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thiol-ketal bonds in the main chain (PHPM) was synthesized [47,48]. A
Cis(IV) prodrug, namely, Pt (IV)–C12 with two hydrophobic aliphatic
chains in the axial positions was synthesized [49,50]. Pt(IV)–C12 loaded
nanoparticles (NP–Pt) were prepared by a nano-precipitation method.
Using the same method, PHPM was co-assembled with Pt(IV)–C12 and
NLG919 in a certain ratio (2.5:1) to form nanoparticles named
NP-Pt-IDOi. NP-Pt and NP-Pt-IDOi were homogeneous with complete
spherical structures observed by the transmission electron microscope
(TEM) (Fig. S1, Fig. 1A), with an average particle size of 71.5 � 7.6 nm
and 92.3� 9.5 nm. The average hydrodynamic particle sizes of NP-Pt and
NP-Pt-IDOi were around 95.3 � 10.2 nm (Fig. S2) and 113.2 � 3.6 nm
(Fig. 1B) by dynamic light scattering (DLS), respectively. In addition, the
zeta potentials of NP-Pt and NP-Pt-IDOi were �18.9 and �10.1 mV
(Fig. 1C), respectively, due to the carboxy groups in the polymer. The
polydispersity index (PDI) values of NP-Pt and NP-Pt-IDOi were 0.194
and 0.157, and their size and PDI remained stable when stored at 4�C for
7 days, indicating good dispersivity and stability in aqueous solution
(Fig. 1D, Fig. S3). Subsequently, in order to demonstrate the successful
preparation of NP-Pt-IDOi, the elemental composition of NP-Pt-IDOi and
the atomic valence states of Pt, Cl, S were further analyzed by X-ray
photoelectron spectroscopy (XPS) (Fig. S4). Moreover, the encapsulation
efficiency of Pt(IV)–C12 and IDOi were determined by inductively
coupled plasma-mass spectrometry (ICP-MS) and high performance
liquid chromatography (HPLC), the results were 8.5% and 6.3%,
respectively (Fig. S5).

The dissociation process of nanoparticles (NP–Pt-IDOi) was explored
under different conditions (1 mM H2O2, pH ¼ 5.0, DMEM, 37 �C) for 24
h, and the particle size changes were measured by DLS. Two bimodal
curves with two peaks (920.2 nm and 18.6 nm, 396.5 nm and 18.2 nm)
were observed (Fig. S6, Fig. 1E), suggesting the breakdown of thiol ketal
bonds and dissociation of NP-Pt-IDOi triggered by H2O2 and acid envi-
ronment. The peak of large particle size may be attributed to the ag-
gregates of hydrophobic polymer fragments, while the peak of small size
may be due to the aggregates of hydrophilic polymer fragments. The
release of NLG919 from NP-Pt-IDOi was further monitored by HPLC. The
results showed that the release of NLG919 reached as high as 78% after
treatment (Fig. 1F), demonstrating the oxidation-sensitive drug release
behavior of NP-Pt-IDOi. It is reported that there is abnormal redox ho-
meostasis in tumor microenvironment of osteosarcoma with high levels
of ROS and GSH [51]. We demonstrated that NP-Pt-IDOi could release
the encapsulated NLG919 through the degradation of polymeric carriers
and the dissociation of nanoparticles in the presence of H2O2 (1 mM),
indicating that the NP-PT-IDOi could degrade in the osteosarcoma cancer
cell.

To quantitatively evaluate the uptake of NP-Pt-IDOi by cancer cells, a
Cy5.5 dye (red) was encapsulated to label NP-Pt-IDOi (NP-Pt-I
DOi@Cy5.5). Later, NP-Pt-IDOi@Cy5.5 was used to treat the human
osteosarcoma (HOS) cells for 1 h, 4 h, and 7 h, respectively. The red
fluorescence of cells was observed at different time by confocal laser
scanning microscopy (CLSM). The results showed that the intracellular
red fluorescence intensity of HOS cells treated with NP-Pt-IDOi@Cy5.5
increased with time, indicating the increase of NP-Pt-IDOi@Cy5.5 up-
take with longer incubation time (Fig. 1G). Subsequently, flow cytometry
(FCM) was used to quantitatively monitor the uptake of NP-Pt-I
DOi@Cy5.5 by HOS cells. The results showed that the intracellular red
fluorescence intensity at 7 h was nearly 2.3-fold higher than that at 1 h
(Fig. 1H and I). The above results indicated that NP-Pt-IDOi could be
efficiently taken up by cancer cells.

To dive deeper into the underlying cellular uptake mechanism that
NP-Pt-IDOi could actively enter into cancer cells, we further investigated
this process by an endocytosis inhibition assay. The cellular uptake
mechanism of the nanoparticles was investigated by pretreating the cells
with various endocytosis inhibitors, 5% dextrose and at energy blockade
4 �C individually. Endocytosis inhibitors used in this assay include
chlorpromazine (clathrin-mediated inhibitor), Sa-Sodium azide (energy-
dependent inhibitor), genistein (caveolae-mediated inhibitor), and
3

wortmannin (macropinocytosis inhibitor). Flow cytometry analysis
revealed that the cellular uptake of NP-Pt-IDOi@Cy5.5 was almost
completely inhibited (6.1%) at 4 �C, which was 14.1-fold and 12.4-fold
lower than that of PBS and 5% dextrose (37 �C), and Sa-Sodium azide
pretreatment also resulted in significant uptake suppression (46.7%).
Moreover, the results showed that cellular uptake of NP-Pt-IDOi@Cy5.5
was almost not affected by the caveolae-mediated endocytotic inhibitors
(genistein 68.4%) and was only partially (60.8%) impeded by the mac-
ropinocytosis inhibitors (wortmannin). Nonetheless, clathrin-mediated
endocytosis inhibitors (chlorpromazine) substantially reduced cellular
uptake level by 32% (Fig. S7). The above results suggested that NP-Pt-I
DOi@Cy5.5 were ingested by HOS cells primarily through clathrin-
mediated endocytosis.

1.2. Anti-cancer activity of NP-Pt-IDOi in vitro

To investigate the anti-cancer activity of NP-Pt-IDOi in vitro, four
osteosarcoma cell lines (HOS, 143B, K7M2, MG63) were selected for
MTT toxicity test. The results showed that NP-Pt-IDOi had the lowest IC50

among all the four osteosarcoma cell lines compared with Cis, IDOi, Cis
þ IDOi, and NP-Pt groups (Fig. 2A and B), indicating the highest cyto-
toxicity of NP-Pt-IDOi. Specifically, NP-Pt-IDOi had a 3-fold lower IC50
against the MG63 cell line compared with Cis, suggesting that the NP-Pt-
IDOi improved the anti-cancer activity of platinum drug against Cis-
insensitive cell lines. Interestingly, the IC50 of Cis þ IDOi was higher
than Cis group for the four cell lines due to NLG919, while the NP-Pt-IDOi
with Cis and IDOi in a nanoparticle formulation showed higher cyto-
toxicity than the Cis group. The reason for the highest cytotoxicity of NP-
Pt-IDOi could be that the polymeric nanoparticles increased endocytosis
of drugs by the four cell lines (Fig. 1G–I).

Next, the apoptosis of HOS cells treated with different drugs for 48 h
was studied by an Annexin V-FITC and propidium iodide (PI) double
staining assay. The results showed that the apoptotic ratio of cells treated
with NP-Pt-IDOi was 23.62� 2.91% (Fig. 2C and D), which was 8.6 times
that of cells treated with PBS (2.75 � 1.51%). This apoptosis ratio was
also higher than that of cells treated with Cis at 13.41� 5.72% and NP-Pt
at 18.46 � 6.63%. To observe the anti-cancer effect more intuitively, the
photo of the cell colonies after the treatment of NP-Pt-IDOi was taken
(Fig. 2E). The results showed that the number of cell colonies treated
with NP-Pt-IDOi was significantly less than those treated with other
drugs, indicating that NP-Pt-IDOi could effectively inhibit the growth of
HOS cells in vitro. Finally, in order to mimic the physiological conditions
in vivo, 3D HOS spheroids were established to evaluate the anti-cancer
ability of NP-Pt-IDOi by a live/dead assay (living cells are green, and
the apoptotic cells are red) (Fig. 2F). The results showed that the number
of red cells in 3D cell spheroids treated with NP-Pt-IDOi was higher than
that treated with other drugs. Taken together, NP-Pt-IDOi could inhibit
the cancer cell growth in vitro, and promote cancer cell apoptosis with
higher anti-cancer activity than Cis þ IDOi, IDOi and NP-Pt groups.

1.3. NP-Pt-IDOi increased DNA damage to activate the STING pathway in
vitro

To explore the ability of NP-Pt-IDOi to enhance DNA damage in vitro,
HOS cells were treated with Cis, IDOi, Cis þ IDOi, NP-Pt and NP-Pt-IDOi
(5 μM Pt, 10 μM NLG919) for 48 h. First, DNA damage marker, γ-H2AX,
was immunostained (green) to study the DNA damage of tumor cells. The
green fluorescence intensity in the nuclei of cells treated with NP-Pt-IDOi
was found to be significantly higher than that of cells treated with other
drugs by CLSM (Fig. 3A), indicating the higher expression of γ-H2AX in
cells treated with NP-Pt-IDOi. Similarly, the expression of γ-H2AX pro-
tein in cancer cells treated with various drugs was studied bywestern blot
(WB) and quantified by Image J software. The results showed that the
expression of γ-H2AX was significantly increased in the cells treated with
NP-Pt and NP-Pt-IDOi (Fig. 3B and D). Second, the results showed that
the expression of IDO protein decreased in cells treated with NP-PT-IDOi,
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Fig. 1. Preparation, characterization, and intracellular uptake of NP-Pt-IDOi. A) Representative transmission electron microscopy (TEM) image of NP-Pt-IDOi. Scale
bar ¼ 100 nm. B) Particle size distribution of NP-Pt-IDOi measured by DLS. C) Zeta potential of NP-Pt and NP-Pt-IDOi measured by DLS. D) PDI of NP-Pt and NP-Pt-
IDOi measured by DLS. E) The particle size changes of NP-Pt-IDOi after 24 h of exposure to 1 mM H2O2. F) The release of NP-Pt-IDOi measured by high-performance
liquid chromatography (HPLC) in the presence of 1 mM H2O2 at different times. G) The uptake of NP-Pt-IDOi@Cy5.5 (5 μM Pt) by HOS cells observed by CLSM at 1 h,
4 h and 7 h. Blue: DAPI of the stained nucleus; Red: Cy5.5 in NP-Pt-IDOi@ Cy5.5; Green: Alexa-488 stained cytoskeleton. Scale bar ¼ 30 μm. H) Intracellular uptake
and fluorescence intensity in HOS cells treated with NP-Pt-IDOi@ Cy5.5 (5 μM Pt) at 1 h, 4 h and 7 h measured by FCM. I) Semi-quantitative analysis of the fluo-
rescence intensity in (H). The statistical difference between the two groups was calculated by one-way ANOVA. ***p < 0.001, and ns indicates no statistical sig-
nificance. Data were shown as mean � standard deviation (SD) from n independent experiments (n ¼ 3).
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Fig. 2. In vitro anti-cancer effect of NP-Pt-IDOi. A) The cell viability of HOS, 143B, K7M2 and MG63 after 48 h treatment with Cis, IDOi, Cis þ IDOi, NP-Pt and NP-Pt-
IDOi by MTT assay. B) Statistical table of IC50 values against four osteosarcoma cell lines after 48 h treatment with drugs. C) The apoptosis ratio of HOS cells treated
with different drugs (5 μM Pt, 10 μM NLG919) measured by FCM. D) Semi-quantitative analysis of apoptosis ratio. E) The colony formation of HOS cells treated with
different drugs (0.5 μM Pt, 1 μM NLG919) for 10 days via crystal violet staining. F) Live and dead assay of 3D tumor spheroid after 48 h treatment of PBS, Cis, IDOi, Cis
þ IDOi, NP-Pt, NP-Pt-IDOi (5 μM Pt, 10 μM NLG919) by CLSM. The 3D tumor spheroids were stained with Calcein-AM (green, living cells) and PI (red, dead cells).
Scale bar ¼ 50 μm. The data were shown as mean � SD from n independent experiments (n ¼ 3). The statistical difference between the two groups was calculated by
one-way ANOVA. **p < 0.01.
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indicating that NP-PT-IDOi had the strongest inhibitory effect on IDO
(Fig. 3B and D). Next, in order to explore whether NP-Pt-IDOi could
activate the STING pathway, the expression of several related proteins
(STING, TBK-1, IRF-3, p-STING, p-TBK1, p-IRF3) were detected in HOS
cells treated with different drugs by WB. The gray value of protein
expression was quantitatively analyzed through Image J software. The
results showed that the expression of STING, TBK-1 and IRF-3 protein in
cells treated with IDOi, NP-Pt, and NP-Pt-IDOi were similar (Fig. 3B, 3 E-
5

3J). Surprisingly, the expression of p-STING, p-TBK1 and p-IRF3 in cells
treated with NP-Pt-IDOi were 1.6, 2.1, and 1.3 times higher than those in
cells treated with NP-Pt, respectively. Among these, p-STING protein was
the most significantly up-regulated, suggesting that NP-Pt-IDOi were
more prominent in activating the proteins related to the STING pathway.
These results indicated that NP-Pt-IDOi could efficiently activate the
STING pathway in osteosarcoma cells.



Fig. 3. NP-Pt-IDOi could increase DNA damage to activate STING pathway in vitro. A) CLSM images of the DNA damage-related protein (γ-H2AX) in HOS cells treated
with different drugs (5 μM Pt, 10 μM NLG919; blue, DAPI; green, γ-H2AX). Scale bar ¼ 30 μm. B) DNA damage-related proteins and STING pathway related proteins
were measured by WB. The cells were treated with PBS, Cis, IDOi, Cis þ IDOi, NP-Pt and NP-Pt-IDOi (5 μM Pt, 10 μM NLG919) after 48 h. Tubulin was the internal
reference protein. C-J) The semi-quantitative analyses of gray values of IDO, γ- H2AX, STING, TBK-1, IRF-3, p-STING, p-TBK-1, p-IRF-3 proteins detected by WB. The
data were shown as mean � SD from n independent experiments (n ¼ 3). The statistical difference between the two groups was calculated by one-way ANOVA. *p <

0.05, **p < 0.01, ***p < 0.001, and ns indicates no statistical significance.
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1.4. Bio-distribution and anti-tumor activity of NP-Pt-IDOi in vivo

First of all, the biosafety of nanoparticles is the premise of their
application in vivo. In order to explore the biosafety of NP-Pt-IDOi in vivo,
the toxicity of NP-Pt-IDOi was systematically studied in 6-week-old
healthy KM mice. The mice were divided into six groups and injected
intravenously for three consecutive days with PBS, Cis, IDOi, Cis þ IDOi,
NP-Pt and NP-Pt-IDOi. The body weight of mice in each group was
recorded every two days after the first injection. After 14 days of moni-
toring, the blood samples were taken, and six biochemical indicators of
serum were tested. The body weight of mice treated with Cis, Cis þ IDOi
6

decreased significantly (Fig. S8), while there was no statistically signif-
icant difference between the weight of mice treated with PBS, NP-Pt and
NP-Pt-IDOi, indicating that NP-Pt-IDOi has low systemic toxicity. More-
over, the biochemical indexes also were relatively normal in all groups
(Fig. S9). In summary, the aforementioned results indicated the excellent
biocompatibility of the NP-Pt-IDOi.

Next, to explore the accumulation of NP-Pt-IDOi in the tumor site,
K7M2-LUC cells (1 � 106 cells/0.1 mL) were implanted into the tibia of
4-week-old female mice to establish an in-situ osteosarcoma model
(Fig. 4A). Later, NP-Pt-IDOi labeled with a fluorescent dye Cy7.5 (NP-Pt-I
DOi@Cy7.5) were administered to mice by tail vein injection. The
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Fig. 4. Biodistribution and anti-tumor activity of NP-Pt-IDOi in vivo. A) The timeline of establishment and treatment of the orthotopic model of osteosarcoma based on
K7M2-LUC cells in the tibia of mice. B) Biodistribution of NP-Pt-IDOi@Cy7.5 on K7M2-LUC tumor bearing mice at different time imaged by IVIS. C) The fluorescence
intensity at different time was quantitatively analyzed. D) The mice were sacrificed 48 h later, and the major organs (heart, liver, spleen, lung, and kidney) and tumors
were taken out for fluorescence imaging. E) The fluorescence intensity of major organs and tumors was analyzed semi-quantitatively. F) Bioluminescence imaging of
the mice by IVIS on day 0, 7, 14 and 20 to track the anti-tumor effect of each drug. G) The anti-tumor effect of the drugs shown by quantitative analysis of biolu-
minescence. H) Body weight changes of mice after 20 days of drug treatment. I) The tumor morphological changes by H&E staining after 20 days of drug treatment.
Scale bar ¼ 200 μm.
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distribution of NP-Pt-IDOi@Cy7.5 was tracked through in vivo imaging
system (IVIS) after 3 h, 6 h, 12 h, 24 h, 36 h and 48 h of administration in
K7M2-LUC tumor-bearing mice (Fig. 4B). The quantitative analysis
showed that the fluorescence intensity in the tumors of mice gradually
increased with time, and reached the peak at 36 h, indicating the accu-
mulation of NP-Pt-IDOi@Cy7.5 in the tumor (Fig. 4C). The mice were
then sacrificed at 48 h, and their major organs (heart, liver, spleen, lung,
and kidney) and tumors were taken out. Imaging of various organs of
mice showed that there was strong fluorescence in the tumor and liver
(Fig. 4D). Further quantitative analysis demonstrated that the fluores-
cence intensity in the tumor was the highest among all organs (Fig. 4E),
which was consistent with the living animal imaging. The high fluores-
cence intensity in the liver may be due to drug metabolism in the liver.
These results indicated that NP-Pt-IDOi could accumulate and retain in
the tumor.

Finally, the anti-tumor activity in vivowas investigated. An orthotopic
osteosarcoma model based on K7M2-LUC cells was established. Then
mice were treated with saline (i.v. injection), IDOi (oral administration),
Cis (i.v. injection), Cisþ IDOi (i.v. injectionþ oral administration), NP-Pt
(i.v. injection) or NP-Pt-IDOi (i.v. injection) at an identical Pt dose of 3.5
mg kg�1 and NLG919 dose of 25 mg kg�1 for three times after tumor
formation (Fig. 4A). To monitor the tumor growth, bioluminescence
imaging of the mice was conducted by IVIS at 0, 7, 14 and 20 days. Fig. 4F
showed that the bioluminescence in mice treated with NP-Pt-IDOi was
the weakest at day 20 compared with the other groups. The quantitative
analysis of the fluorescence intensity demonstrated the slowest increase
of bioluminescence in mice treated with NP-Pt-IDOi (Fig. 4G). The
average bioluminescence after 20 days of NP-Pt-IDOi treatment was 3.50
� 109 p/s/cm2/sr, which was about one fifth of the bioluminescence of
mice without drug treatment (1.72� 1010 p/s/cm2/sr), and about half of
the mice treated with NP-Pt (6.12 � 109 p/s/cm2/sr). The results
demonstrated that NP-Pt-IDOi had the best anti-tumor effect. In addition,
within 20 days of treatment, there was no significant difference in weight
change between mice treated with various drugs, indicating that these
anti-tumor drugs had good performance in biosafety (Fig. 4H). Next, the
mice were sacrificed, and the tumors were collected for hematoxylin and
eosin (H&E) staining. The results showed extensive nuclear shrinkage
and disappearance in the tumor tissues of mice treated with NP-Pt-IDOi
(Fig. 4I). Taken together, the above results demonstrated that NP-Pt-IDOi
could effectively inhibit tumor growth in vivo.

1.5. NP-Pt-IDOi activated STING pathway to reprogram tumor
microenvironment (TME)

In order to further study the anti-tumor mechanism of NP-Pt-IDOi in
vivo, we explored the activation of STING pathway by NP-Pt-IDOi and the
changes in the immune microenvironment in tumor tissues, spleen and
lymph nodes of mice. FCM was used to determine the proportion of
changes in several immune cells in mice treated with each drug,
including matured DCs (CD11cþCD80þCD86þ) in lymph nodes
(Fig. S10), matured DCs in tumor tissue (Fig. S11), central memory T cells
(CD3þCD8þCD44þCD62Lþ, TCM) in spleen (Fig. 5A), CD3þCD4þ/
CD3þCD8þ T cells in tumor tissue (Fig. 5B), Tregs cells
(CD3þCD4þFoxp3þ) in tumor tissue (Fig. 5C), TCM in lymph nodes
(Fig. S12), and M2-like macrophages (F4/80þCD80�CD206þ) to M1-like
macrophages (F4/80þCD80þCD206-) transformation in tumor tissue
(Figs. S13 and S14). Quantitative analysis was then carried out, including
matured DCs in lymphoid tissue (Fig. 5D), matured DCs in tumor tissue
8

(Fig. 5E), TCM cells in the spleen (Fig. 5F), TCM cells in lymphoid tissue
(Fig. 5G), and CD4þ cells in tumor tissue (Fig. 5H), CD8þ cells in tumor
tissue (Fig. 5I), M2-like to M1-like transformation in tumor tissue
(Fig. 5J), and Tregs cells in tumor tissue (Fig. 5K). Compared with the
other four drugs, the DCs stained with CD11cþ/CD80þ/CD86þ in lymph
nodes and tumor tissues of mice treated with NP-Pt-IDOi were 40.6% and
18.4%, respectively, which were 1.76 times and 2.25 times that of mice
treated with PBS (Fig. 5D and E). The results also showed that NP-Pt-IDOi
could significantly promote the maturation of DCs in tumor-bearing mice
compared with IDOi and Cis þ IDOi.

In addition, the TCM in the spleen and lymph node of mice treated
with NP-Pt-IDOi were significantly increased. Specifically, the ratio of
TCM in the spleen and lymph node of the mice treated with NP-Pt-IDOi
was 21.7% and 24.1%, respectively, which was 2.35 times and 3.08 times
that of the mice treated with PBS (Fig. 5A, F, 5G). These results
demonstrated that NP-Pt-IDOi could significantly promote the trans-
formation of CD8þ T cells in the spleen and lymph node to TEM cells.
Next, the proportion of CD4þ and CD8þ cells in tumor tissues of mice
treated with NP-Pt-IDOi were 30.7% and 35.6%, respectively, which
were 2.32 and 2.96 times that of mice treated with PBS (Fig. 5B, H, 5I).
Furthermore, the infiltration of CD4þ/CD8þ effector T cells in tumors of
mice treated with NP-Pt-IDOi was significantly increased compared with
the other four drugs. Therefore, the results demonstrate that NP-Pt-IDOi
could transform the "cold tumors" with low immune responses into the
"hot tumors" with high immune responses in vivo by increasing the
number of TCM cells in spleen and lymph node tissues, mature DCs in
lymph nodes and tumor tissues, and CD4þ/CD8þ effector T cells in tumor
tissues.

Tumor immune escape plays an important role in treatment failure
and drug resistance of chemotherapeutic drugs. To study whether NP-Pt-
IDOi can improve the low tumor responses to chemotherapy drugs by
regulating immune cells with tumor immune escape ability, the polari-
zation ratio of M2-like to M1-like in tumor associated macrophages and
the infiltration ratio of CD4þ/Foxp3þ immunosuppressive regulatory T
cells (also known as Tregs cells) were quantitatively analyzed by FCM.
Generally speaking, most tumor-associated macrophages (TAMs) in os-
teosarcoma are the M2-like phenotype, which plays an important role in
inhibiting the activation of cytotoxic T cells [52,53]. The results showed
that the proportion of M1/M2 in tumors of mice treated with NP-Pt-IDOi
was higher than that of mice treated with Cis, IDOi and Cis þ IDOi
(Fig. 5J). Specifically, the number of M1 phenotype cells in tumors of
mice treated with NP-Pt-IDOi was 17.8%, which was 2.66 times that of
mice treated with PBS. However, the M2-like phenotype cells of mice
treated with PBS were 24.8%, which was 1.48 times that of mice treated
with NP-Pt-IDOi. In addition, recent studies showed that Tregs cells could
promote tumor immune escape by inhibiting the activation of CD4þ and
CD8þ T cells. To further investigate the regulatory ability of NP-Pt-IDOi
on Tregs cells in vivo, the Tregs cells in tumors of mice treated with
different drugs were analyzed by FCM. The results showed that the
proportion of Tregs in tumor tissues of mice treated with NP-Pt-IDOi was
the lowest among mice treated with all drugs (Fig. 5C and K). Specif-
ically, the average proportion of Tregs in tumors of mice treated with
NP-Pt-IDOi was 6.48%, while the average proportion of Tregs in tumors
of mice treated with PBS was 21.7%. The results suggested that
NP-Pt-IDOi down-regulated the proportion of Tregs in tumor tissues by
3.35 times. In conclusion, NP-Pt-IDOi could activate the STING pathway
in the tumor cells in vivo, which could effectively reshape the TME [54],
transform the "cold tumor" with low immune responses into the "hot
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Fig. 5. NP-Pt-IDOi activated STING pathway to improve tumor immune microenvironment. A) The proportion of memory T cells (TCM) in the spleen of mice treated
with various drugs including Cis, IDOi, Cis þ IDOi, NP-Pt and NP-Pt-IDOi by FCM. B) The proportion of T cells stained with CD4þ/CD8þin tumors of mice treated with
various drugs by FCM. C) The proportion of Tregs cells in tumors of mice treated with various drugs by FCM. D) Quantitative analysis of mature DCs in lymph nodes of
mice. E) Quantitative analysis of mature DCs in mice tumor tissues. F) Quantitative analysis of TCM cells in mouse spleen. G) Quantitative analysis of TCM cells in
lymph nodes of mice. H) Quantitative analysis of CD4þ cells in mice tumor tissues. I) Quantitative analysis of CD8þ cells in mice tumor tissues. J) Quantitative analysis
on the transformation of M2-like to M1-like in mice tumor tissues. K) Quantitative analysis of Tregs cells in mouse tumor tissues. The data were shown as mean � SD
from n independent experiments (n ¼ 5). The statistical difference between the two groups was calculated by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.
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tumors" with high immune responses, thus enhancing the anti-tumor
effect of platinum drugs [55,56]. NP-Pt-IDOi are a promising strategy
for tumor chemo-immunotherapy.

2. Conclusion

In this work, we developed polymeric nanoparticles to deliver the
platinum drug and STING agonist for the synergistic chemotherapy and
immunotherapy for osteosarcoma. Oxidation-sensitive amphiphilic
polymers with thiol-ketal bonds in the main chain were synthesized and
self-assembled into polymeric nanoparticles (NP–Pt-IDOi) to encapsulate
Pt(IV) prodrug (Pt(IV)–C12) and IDO inhibitor (NLG919). NP-Pt-IDOi
could degrade and disassociate to release NLG919 in 1 mM H2O2 envi-
ronment. The uptake of NP-Pt-IDOi by HOS cells was observed, and NP-
Pt-IDOi exhibited the highest cytotoxicity against four osteosarcoma cell
lines compared with Cis, IDOi, Cis þ IDOi, and NP-Pt. NP-Pt-IDOi accu-
mulated in the tumor and effectively inhibited the tumor progression in
an orthotopic osteosarcoma mouse model. The activation of STING
pathway in the cancer cells was demonstrated in vitro and in vivo. We
further demonstrated that NP-Pt-IDOi could reverse the low immune
response of osteosarcoma and reprogram the TME by promoting the
maturation of DCs, increasing infiltration of CD8þ T cells, and decreasing
the M2-like TAMs and Tregs in the TME. NP-Pt-IDOi provide a new
strategy to improve chemotherapy by the activation of STING pathway
and are promising for chemo-immunotherapy for osteosarcoma in the
future.
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