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Triple-Combination Immunogenic Nanovesicles Reshape
the Tumor Microenvironment to Potentiate
Chemo-Immunotherapy in Preclinical Cancer Models

Xiaowei Shi, Liwei Shu, Minwen Wang, Jie Yao, Qigu Yao, Suchen Bian, Xiaona Chen,
Jianqin Wan, Fu Zhang, Shusen Zheng,* and Hangxiang Wang*

Immune checkpoint blockade (ICB) therapies have had a tremendous impact
on cancer therapy. However, most patients harbor a poorly immunogenic
tumor microenvironment (TME), presenting overwhelming de novo
refractoriness to ICB inhibitors. To address these challenges, combinatorial
regimens that employ chemotherapies and immunostimulatory agents are
urgently needed. Here, a combination chemoimmunotherapeutic nanosystem
consisting of a polymeric monoconjugated gemcitabine (GEM) prodrug
nanoparticle decorated with an anti-programmed cell death-ligand 1 (PD-L1)
antibody (𝜶PD-L1) on the surface and a stimulator of interferon genes
(STING) agonist encapsulated inside is developed. Treatment with GEM
nanoparticles upregulates PD-L1 expression in ICB-refractory tumors,
resulting in augmented intratumor drug delivery in vivo and synergistic
antitumor efficacy via activation of intratumor CD8+ T cell responses.
Integration of a STING agonist into the 𝜶PD-L1-decorated GEM nanoparticles
further improves response rates by transforming low-immunogenic tumors
into inflamed tumors. Systemically administered triple-combination
nanovesicles induce robust antitumor immunity, resulting in durable
regression of established large tumors and a reduction in the metastatic
burden, coincident with immunological memory against tumor rechallenge in
multiple murine tumor models. These findings provide a design rationale for
synchronizing STING agonists, PD-L1 antibodies, and chemotherapeutic
prodrugs to generate a chemoimmunotherapeutic effect in treating
ICB-nonresponsive tumors.
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1. Introduction

Cancer immunotherapy has shown great
potential as a therapeutic paradigm in treat-
ing patients with advanced or metastatic
cancer recurrence.[1] Immune checkpoint
blockade (ICB) antibodies that target cy-
totoxic T-lymphocyte-associated protein
4 (CTLA4) or programmed cell death-
1/programmed cell death-ligand 1 (PD-
1/PD-L1) constitute an effective regimen
and can generate complete and durable
responses in cancer patients. Despite these
remarkable clinical outcomes, a significant
proportion of cancers do not benefit from
Food and Drug Administration (FDA)-
approved ICB antibodies.[2] Accumulating
clinical studies have shown that the lack
of efficacy is correlated with a highly
immunosuppressed tumor microenviron-
ment (TME), which is characterized by the
abundant presence of immunosuppressive
cell subtypes together with a paucity of
tumor-infiltrating lymphocytes (primarily
CD8+ T cells). This immunosuppressive
TME may hamper CD8+ T-cell-mediated
antitumor responses and result in refrac-
toriness to ICB therapies. Therefore, to
enhance response rates to ICB therapies,
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innovative solutions that are capable of transforming a low im-
munogenic TME into a hot TME are essential and urgently
needed.[3]

The stimulator of interferon genes (STING), another inde-
pendent class of innate immune danger sensors, has emerged
as a promising target for cancer immunotherapy. Activation of
STING leads to the production of type-I interferons (IFNs) and
other proinflammatory cytokines. These molecules can further
promote the maturation of antigen-presenting cells (APCs), such
as dendritic cells (DCs), for priming of de novo CD8+ T-cell
responses in vivo, enabling remodeling of the TME as well as
the conversion of low immunogenic tumors to hot tumors.[4]

In this context, previous therapeutic attempts have been made
to leverage cyclic dinucleotide (CDN) or nonnucleotide STING
agonists to stimulate the innate immune response and to im-
prove the efficacy of ICB therapies. However, CDN-based STING
agents are usually administered via the intratumor injection in
current clinical trials, which limits their uses to solid accessi-
ble tumors. In addition to these CDN agonists, diamidobenz-
imidazole (diABZI)-based compounds (e.g., diABZI-3) are re-
cently identified synthetic nonnucleotide STING activators. In
spite of the potent activity, poor aqueous solubility deters their
further clinical implementation.[5] Moreover, intravenous admin-
istration of small-molecule STING agonists results in the sys-
temic distribution of these drugs across healthy tissues and in-
sufficient accumulation in the TME. As such, an effective strat-
egy to simultaneously enhance the efficacy and safety of STING
agonists is to entrap them in sophisticatedly engineered delivery
nanovehicles.

In this study, we generated a triple therapy-integrated nanopar-
ticle (NP) scaffold that overcomes primary ICB resistance and
leads to recurrence-free survival post-surgery. We first devised
a polylactide (PLA) monoconjugated gemcitabine (GEM) macro-
molecular prodrug to enhance its metabolic stability and prolong
circulation half-life upon systemic administration.[6] GEM is a de-
oxycytidine analog widely used in the therapy of several forms of
advanced pancreatic, lung, breast, ovarian, and bladder cancer.[7]

However, the therapeutic effects of GEM have been greatly com-
promised by its short circulation half-life due to its rapid deacti-
vation and excretion, the development of drug resistance, and its
systemic toxicity.[6a,b] Encapsulation of a macromolecular GEM
conjugate in polymeric micelles benefited in vivo delivery.[6c,d]

Moreover, exposure to GEM treatment upregulated PD-L1 ex-
pression in tumor cells, which justified the design rationale of us-
ing surface-decorated PD-L1 antibodies for tumor-specific drug
targeting and delivery, while simultaneously combining with PD-
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L1 blockade to improve the overall efficacy. Furthermore, we in-
tegrated a STING agonist into GEM-loaded NPs to generate a
triple-combination immunogenic nanovesicle that reshapes the
TME with low immunogenicity. In preclinical mouse models,
systemically administered combination nanovesicles not only ef-
fectively eradicated large established primary tumors but also
enabled long-lasting rejection of postsurgical tumor recurrence
(Figure 1A).

2. Results and Discussion

2.1. Polymeric GEM Prodrug Synthesis, NP Formulation, and
𝜶PD-L1 Decoration

GEM derivatives that are chemically modified with functional
moieties at the 4-(N)-position have been shown to have metabolic
stability and prolonged circulation due to the occupation of the
deamination site.[6c,d] PLA is an FDA-approved biodegradable
polymer that enables intravenous administration and serves as
an ideal pro-moiety for drug derivatization.[8] Here, we covalently
tethered GEM to the PLA segment to generate the PLA-GEM
conjugate via an amide linkage (Scheme S1, Supporting Infor-
mation). The final product was readily obtained by purification
using silica gel chromatography, with a good yield (≈84%). The
structure of the PLA-GEM prodrug was confirmed by nuclear
magnetic resonance (NMR) spectroscopy (1H and 13C NMR, Fig-
ure S1, Supporting Information). The degree of polymerization
of PLA in the PLA-GEM construct was determined to be 22 using
end-group analysis by 1H NMR spectroscopy.

We then formulated the PLA-GEM conjugate into
poly(ethylene glycol)-block-poly(D,L-lactic acid) (PEG5k-PLA8k)
polymer NPs for surface PEGylation and solubilization. For fur-
ther decoration with 𝛼PD-L1, terminal maleimide-functionalized
PEG-PLA (MAL-PEG5k-PLA8k) was employed to conjugate
iminothiolated 𝛼PD-L1 (Figure 2A). The formation of uniformly
spherical nanostructures was verified by TEM observation, with
particle sizes of 97 ± 18 and 128 ± 40 nm for GEM NPs and
𝛼PD-L1/GEM NPs, respectively (Figure 2B). Upon antibody
decoration, an electron-dense shell was observed on the outer
layer of the NPs. The size distributions and zeta potentials of
these nanotherapeutics were further evaluated by DLS analysis
(Figure 2C,D). The mean hydrodynamic diameter (DH) of the
𝛼PD-L1/GEM NPs was larger than that of the GEM NPs, but the
sizes of both NPs ranged between 160–180 nm in DI water. The
increased diameter of 𝛼PD-L1/GEM NPs could be ascribed to the
surface modification of antibodies. To evaluate colloidal stability,
saline supplemented with 20% FBS was used to mimic physi-
ological conditions, and a homogeneous size distribution with
a small polydispersity index (PDI) for both NPs was observed
for up to three days (Figure 2E). Furthermore, the conjugation
of 𝛼PD-L1 to GEM NPs was confirmed by Coomassie Brilliant
Blue staining (Figure 2F). Bands corresponding to the heavy
and light chains were observed in the gel lane corresponding to
the 𝛼PD-L1/GEM NPs. These bands were not observed when
GEM NPs without terminal maleimide groups were incubated
with iminothiolated 𝛼PD-L1. These results further indicated that
the antibody was covalently attached but not adsorbed onto the
surface.
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Figure 1. Development of a combinatorial immunogenic nanovesicle for cancer chemoimmunotherapy. A) Schematic illustration showing the prepa-
ration of a triple therapy-integrated nanoparticle composed of a cytotoxic polymeric gemcitabine (GEM) prodrug and a diamidobenzimidazole-based
STING agonist (diABZI) surface-modified with an anti-PD-L1 antibody (𝛼PD-L1). The integrated nanoparticle combining these components is desig-
nated GPS based on the concatenated single initials G (GEM), P (𝛼PD-L1), and S (STING agonist). 𝛼PD-L1 conjugation not only augments cellular
uptake and intratumor drug delivery but also improves the overall antitumor efficacy. B) Upon systemic administration, cytotoxic GEM induces cancer
cell apoptosis to generate tumor cell debris, while the diABZI agonist activates the STING signaling pathway to induce DC maturation, cell debris up-
take, and cytokine release. These events transform an immunosuppressed “cold” tumor microenvironment (TME) into a “hot” TME and result in robust
immune activation, which can further synergize with immune checkpoint blockade with an anti-PD-L1 antibody (𝛼PD-L1).
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Figure 2. Preparation and characterization of polymeric GEM-loaded immunogenic NPs. A) Schematic illustration of GEM NP and 𝛼PD-L1/GEM NP
generation. B) TEM images of GEM NPs (first row) and 𝛼PD-L1/GEM NPs (second row). The area enclosed in the green dashed lines was further
enlarged and is presented on the right. After antibody conjugation, an electron-dense shell was observed on the outer layer of 𝛼PD-L1/GEM NPs, as
marked with red arrows in the enlarged image. The C) Size distribution and D) zeta potential of GEM NPs and 𝛼PD-L1/GEM NPs were measured using
DLS analysis. E) The DH of GEM NPs and 𝛼PD-L1/GEM NPs was determined by DLS analysis at different time points. Both NPs were dissolved in
saline medium supplemented with 20% FBS to mimic the physiological environment. F) 𝛼PD-L1 conjugation was confirmed by Coomassie Brilliant Blue
staining. Lane 1: GEM NPs were incubated with iminothiolated 𝛼PD-L1 without prior maleimide functionalization; lane 2: resuspended 𝛼PD-L1/GEM NPs
after ultracentrifugation; lane 3: supernatant solution after ultracentrifugation with excess 𝛼PD-L1; lane 4: 𝛼PD-L1/GEM NPs before ultracentrifugation;
lane 5: iminothiolated 𝛼PD-L1 solution used as the positive control. (G-H) Panc02 cells were treated with DiI@GEM NPs or DiI@𝛼PD-L1/GEM NPs at
different time points (e.g., 0.5, 2, 4, and 6 h), and the cellular uptake of both NPs was assessed by flow cytometric analysis. G) The results are presented
as histograms, and H) the MFI value of the DiI dye is compared (n = 3). I) Panc02, B16.F10, 4T1, and RAW 247.6 cells were treated with free GEM, the
PLA-GEM conjugate, GEM NPs, and 𝛼PD-L1/GEM NPs for 72 h, and cell viability was determined using a CCK-8 assay. The X-axis shows the equivalent
concentration of GEM (n = 6). The data shown are the mean ± s.e.m. values. Statistical analysis was performed with the Mann–Whitney test. *p<0.05,
**p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 3. Antitumor efficacy and immunoactivity of 𝛼PD-L1/GEM NPs in an orthotopic pancreatic cancer model. A–C) Panc02 and 4T1 cells were treated
with 50 nm free GEM or 500 IU mL−1 recombinant mouse IFN-𝛾 and incubated for 6, 24, and 48 h. PD-L1 expression was measured by (A) qPCR and (B
and C) flow cytometric analysis. For (B) and (C), the cells were treated with free GEM or IFN-𝛾 for 24 h at the abovementioned concentration. The results
are presented as histograms in (B), and the corresponding MFI values are compared in (C). Cells treated with recombinant mouse IFN-𝛾 (500 IU mL−1)
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2.2. Increased Cellular Uptake and In Vitro Cytotoxicity of the
𝜶PD-L1-Modified Nanotherapeutic

We assumed that 𝛼PD-L1 conjugation to the particle surface
could augment the interaction between cancer cells and drug-
loaded NPs, thereby enhancing cellular uptake. To validate this
assumption, flow cytometry and confocal laser scanning mi-
croscopy (CLSM) were used to assess the cellular uptake of GEM
NPs and 𝛼PD-L1/GEM NPs. The red fluorescent dye DiI was
coencapsulated for NP trafficking. After exposing Panc02 cells
to both NPs for different time intervals, flow cytometric analy-
sis was used to quantify the proportion of DiI-positive cells (Fig-
ure 2G). Cellular uptake of the NPs, as indicated by the mean flu-
orescence intensity (MFI), increased with incubation time (Fig-
ure 2H). We further used CLSM to visualize the endocytic process
of DiI-labeled NPs in Panc02 and 4T1 cells. Endo/lysosomal com-
partments were stained with LysoTracker Green to trace the be-
havior of NP-lysosome colocalization following each treatment.
The CLSM results showed that both NPs were internalized into
cells 2 h after incubation, but cells treated with 𝛼PD-L1/GEM NPs
exhibited a stronger fluorescence signal (Figure S2, Supporting
Information). These data consistently confirmed that NPs conju-
gated with antibodies are more conducive to phagocytosis.

We next examined the cytotoxicity of these nanotherapeutics
in several cancer cell lines, including the pancreatic cancer cell
line Panc02, melanoma cell line B16F10, breast cancer cell line
4T1, and macrophage cell line RAW264.7. After exposure to the
drugs for 72 h, cell viability was determined using cell counting
kit-8 (CCK-8) assays. The data showed that the cytotoxic activi-
ties of GEM prodrug and related NPs were lower than free GEM
across the tested cell lines (Figure 2I). Thus, by conjugating PLA
to GEM at the amine position critical for GEM activity, we re-
duced the in vitro potency of the PLA-GEM conjugate and related
nanoformulations relative to that of the free drug form.

2.3. Decoration with 𝜶PD-L1 Enhances the Intratumor Drug
Delivery of the Nanotherapeutics In Vivo

Encouraged by the enhanced cellular uptake of NPs in cultured
cells by 𝛼PD-L1 modification, we attempted to explore whether
this modification could contribute to increased intratumor drug
delivery at tumor sites in animal models. To test this hypothesis,
we synthesized a PLA fragment labeled with the near-infrared
fluorescence (NIRF) dye Cy5.5 to form PLA-Cy5.5 and coassem-
bled the conjugate into 𝛼PD-L1/GEM NPs. The NPs were then
intravenously injected into C57BL/6 mice bearing Panc02 or-
thotopic pancreatic tumors (equivalent of 0.75 mg kg−1 free
Cy5.5 per mouse) for in vivo trafficking. Whole-body fluorescence
imaging was performed under an IVIS Lumina imaging system

at different time points after injection. The Cy5.5-derived NIRF
signal rapidly decayed in mice treated with unformulated PLA-
Cy5.5 solution. Encouragingly, a strong signal was maintained
in mice injected with Cy5.5-labeled 𝛼PD-L1/GEM NPs during
the observation period (Figure S3A, Supporting Information). At
24 h post-administration, the major organs and tumors were ex-
cised and subjected to ex vivo imaging (Figure S3B,C, Supporting
Information). Quantitative analysis revealed that in mice treated
with Cy5.5-labeled 𝛼PD-L1/GEM NPs, the fluorescence intensi-
ties in the major organs were partially reduced, although there
were no statistically significant differences in some organs (Fig-
ure S3D, Supporting Information). Of note, 𝛼PD-L1 modifica-
tion potentiated the intratumor accumulation; for example, the
tumor NIR fluorescence intensities of 𝛼PD-L1/GEM NPs-treated
mice were 1.4-fold higher than those in mice treated with nontar-
getable GEM NPs and 5.8-fold higher than those in mice treated
with unformulated PLA-Cy5.5 conjugate (Figure S3E, Supporting
Information). This evidence demonstrated that 𝛼PD-L1 decora-
tion endowed GEM NPs with preferential accumulation within
tumors compared with the accumulation of nontargetable NPs
through potential interactions between 𝛼PD-L1 and PD-L1 that
is overexpressed on cancer cells.

2.4. Antitumor Efficacy and Immunoactivity in an Orthotopic
Pancreatic Cancer Model

For low-immunogenicity tumors such as pancreatic ductal ade-
nocarcinoma (PDAC), insufficient intrinsic PD-L1 expression
might partially account for the therapeutic failure of ICB
monotherapy.[9] GEM is the standard chemotherapeutic drug
for PDAC treatment in the clinic. Previous studies have shown
that treatment with GEM upregulates intratumor PD-L1 expres-
sion in a JAK/Stat1-dependent manner, resulting in immunosup-
pression in various tumors.[10] Consistent with these studies, we
found that PD-L1 expression was increased in Panc02 and 4T1
cells after exposure to GEM, as determined by quantitative poly-
merase chain reaction (qPCR) (Figure 3A) and flow cytometric
analysis (Figure 3B,C). Given that GEM treatment upregulated
PD-L1 expression in cancer cells, we envisioned that 𝛼PD-L1 and
GEM could be rationally combined to achieve synergistic thera-
peutic benefits, which could be additive to the 𝛼PD-L1-mediated
tumor targeting and augmented delivery.

Prompted by these results, we first assessed the therapeutic
potential of 𝛼PD-L1/GEM NPs in a preclinical PDAC model.
For this purpose, mouse PDAC Panc02 cells expressing firefly
luciferase (Panc02-Luci) were injected into the pancreatic tail
parenchyma of C57BL/6 mice to establish an orthotopic pan-
creatic cancer model. After two weeks, treatment was initiated.
As shown in Figure 3D, intensifying fluorescence signals were

served as a positive control, as IFN-𝛾 has been reported to upregulate PD-L1 expression.[23] D) In vivo bioluminescence imaging of Panc02-Luci tumor
growth in the different treatment groups (n = 5). E) Tumor growth curves for the different treatment groups (n = 5). Tumor growth was quantified by
the total luminescence flux as measured with an IVIS imaging system. The intensity fold change (Y axis) was normalized to the average luminescence
flux on day 0. F) On day 35, the mice from different groups were first intraperitoneally injected with D-luciferin at a dose of 75 mg kg−1/mouse and then
sacrificed. Tumors with pancreatic tissues were harvested for ex vivo inspection. G) Survival curves for the different treatment groups (n = 5). H) Body
weight was recorded at different time points. I) Flow cytometry plots and J) statistical chart presenting the proportions of IFN-𝛾+ CD8a+ T cells across
different treatment groups. K) Flow cytometry plots and L) statistical chart presenting the proportions of CD25+ Foxp3+ Treg cells across the different
treatment groups. The proportions of the above immune cell subsets were compared across the different treatment groups by the Kruskal–Wallis test.
*p<0.05, **p < 0.01, and ***p < 0.001.
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observed in the saline- and 𝛼PD-L1-treated groups, indicating
rapid growth of orthotopic pancreatic tumors. Treatment with
GEM, 𝛼PD-L1/GEM NPs, and the combination regimen of GEM
NPs and 𝛼PD-L1 led to relatively attenuated signals until day 28,
but tumor relapse occurred on day 35. In sharp contrast, Panc02-
Luci signals were barely detected in 𝛼PD-L1/GEM NP-treated
mice, suggesting the eradication of tumor cells. The quantitative
fluorescence intensities in each group are presented in Figure 3E
and Figure S4, Supporting Information. Not only did treatment
with GEM NPs alone show superior tumor inhibition effects
over free GEM, but 𝛼PD-L1/GEM NPs also had higher efficiency
than the combination of GEM NPs and 𝛼PD-L1. At the exper-
imental endpoint (day 35), the mice were sacrificed, and the
pancreatic tissues were excised for further analyses (Figure 3F).
The luciferase intensity was greatly reduced in all treatment
groups, but only 𝛼PD-L1/GEM NPs completely reduced the
tumor burden. Tumor growth was also correlated with survival
in mice (Figure 3G). All mice receiving 𝛼PD-L1/GEM NPs
survived, whereas none of the mice from the other treatment
groups remained alive on day 46 post-inoculation of tumor cells.
The stable increase in mouse body weight supported the in vivo
safety of the combination therapy (Figure 3H).

Chemotherapy-induced expression of immunosuppressive
factors on cancer cells, such as PD-L1, can cause the exhaus-
tion and dysfunction of cytotoxic T cells. This phenomenon is
classified as acquired immune resistance.[10b,11] We, therefore,
investigated whether additional conjugation of 𝛼PD-L1 to GEM
NPs would preferentially restore T-cell immunity in the PDAC
TME. For this purpose, tumor infiltrating lymphocytes (TILs)
were isolated from pancreatic tumor tissues after three intra-
venous injections of each agent. Flow cytometry analysis re-
vealed that 𝛼PD-L1/GEM NPs markedly increased the propor-
tions of IFN-𝛾+ CD8+ T cells, which represents the activated
CD8+ T cells against tumor cells, as compared to the combi-
nation of GEM NPs with 𝛼PD-L1 or 𝛼PD-L1 treatment alone
(Figure 3I,J). We also quantified the concentration of IFN-𝛾
in tumor homogenates by the ELISA assay. Consistent with
the flow cytometry analysis, we found that treatment of 𝛼PD-
L1/GEM NPs significantly increased the intratumor concentra-
tion of IFN-𝛾 (Figure S5A, Supporting Information). Further-
more, the ratio of regulatory T cells (Tregs), an indicator in-
versely associated with better clinical outcomes,[12] was markedly
reduced after 𝛼PD-L1/GEM NPs treatment (Figure 3K,L and
Figure S5B-E, Supporting Information). These results suggest
that particle-conjugated 𝛼PD-L1 preserved its pharmacological
effect and GEM chemotherapy was capable of augmenting the
𝛼PD-L1 inhibitory activity, while monotherapy with GEM or
𝛼PD-L1 failed to reverse the dysfunction of CD8+ cytotoxic T
lymphocytes (CTLs).

2.5. Encapsulation of the STING Agonist into 𝜶PD-L1/GEM NPs

Even though decorated 𝛼PD-L1 has been proven to synergize
with cytotoxic GEM to elicit robust antitumor efficacy, clinical
observations revealed that the majority of cancer patients who
lack baseline CD8+ T-cell infiltration at tumor sites are unlikely
to respond to ICB therapy.[13] In the continuing search for effec-
tive immunotherapies, the STING signaling pathway has been

suggested to play a critical role in activating the innate immune
response. Activation of STING can induce the expression of
cytokines, drive DC maturation, and subsequently facilitate
T-cell priming and activation, resulting in immune-mediated
tumor eradication and antitumor immune memory.[14] There-
fore, we hypothesized that the additional incorporation of a
commercially available STING agonist into the 𝛼PD-L1/GEM
NP platform could improve response rates by transforming
low-immunogenic tumors into inflamed tumors. For this pur-
pose, a diABZI nonnucleotide STING agonist[5] was physically
encapsulated into the NPs (Figure4A). To simplify reference to
this three-component nanotherapy, we designated the integrated
NP combining these components by concatenating the single
initials G (GEM), P (𝛼PD-L1), and S (STING agonist). The
resulting GPS nanovesicles showed a spherical-like structure
with a median diameter of ≈180 nm under TEM (Figure 4B),
which was consistent with the DLS measurements (Figure 4C).
In addition, the STING agonist-integrated tri-therapy NPs were
colloidally stable in medium containing FBS (Figure 4D). The
STING agonist was encapsulated into 𝛼PD-L1/GEM NPs with a
high efficiency of 63.67%, as determined by high-performance
liquid chromatography (HPLC) analysis. We then investigated
whether encapsulation of the diABZI preserved its immunos-
timulatory potency. DCs are the primary APCs and an important
target of adjuvants in maximizing the therapeutic efficacy of
vaccines. Mouse bone marrow-derived DCs (BMDCs), bone
marrow-derived macrophages (BMDMs), and 4T1 breast cancer
cells were incubated with GPS or a mixture of free diABZI, GEM,
and 𝛼PD-L1 (referred to as 3 free), and STING-associated gene
expression was then analyzed by qPCR. Compared to treatment
with the free drug combination, GPS therapy led to comparable
efficiency of immune activation, with upregulated expression of
the STING-related genes IRF7, IL-6, and IFN-𝛽. Moreover, the
mRNA alteration profiles (Figure 4E,F, Figure S6A, Supporting
Information) and ELISA results (Figure S6B, Supporting Infor-
mation) indicated that nanodelivery of the diABZI in the NPs
preserved its high immunostimulatory activity.

2.6. In Vivo Blood Circulation, Biodistribution, and Safety Profiles

To examine whether the PLA-GEM scaffold can prolong the blood
circulation of GEM and diABZI after systemic injection, pharma-
cokinetic analyses were performed on Sprague-Dawley (SD) rats.
Following a single dosing of GPS (15 mg kg−1 GEM-equivalent
dose, 3 mg kg−1 diABZI, and 200 μg 𝛼PD-L1 per rat) or free drug
combination, blood samples were collected at different times,
and plasma drug concentration over time was determined by
HPLC analysis (Figure S7, Supporting Information). Pharma-
cokinetic parameters extrapolated from the plasma-drug concen-
tration curves (Figure S7C, Supporting Information) are summa-
rized in Table S1, Supporting Information. The values of area un-
der the concentration-time curve (AUC0-inf) for GEM and diABZI
in GPS were 1381.0±160.4 and 18.6±1.0 μg h mL−1, respectively;
however, the plasma AUC0-inf values for free GEM and free diA-
BZI were 411.4±93.2 and 6.2±0.5 μg h mL−1, respectively. These
data suggest that the GPS platform is capable of extending the
systemic circulation of drug payloads in animals, while free drugs
are rapidly cleared from the body following intravenous injection.
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Figure 4. Design and characterization of the GPS therapeutic. A) Schematic illustration of the generation of GPS. B) TEM images of GPS NPs. Scale
bars: 100 nm. C) DH of GPS as determined by DLS analysis (diABZI was loaded at different mass ratios; the ratios are presented as diABZI:GEM). D) DH
of GPS NPs (loaded at a mass ratio of 1:5) as determined by DLS analysis. NPs were dissolved in saline medium supplemented with 20% FBS, which
mimics the physiological environment. E,F) qPCR analysis of IFN-𝛽, cGAS, IRF7, and IL-6 gene expression in (E) BMDCs and (F) 4T1 after treatment
with diABZIs or a physical mixture of free diABZI, GEM, and 𝛼PD-L1 (referred to as 3 free). The X axis shows the equivalent dose of diABZI. The gene
expression of Gapdh was defined as an internal reference; all treatment group data were compared to the data in untreated BMDCs or 4T1 (control).
Statistical analysis was performed with ANOVA. *p<0.05, **p < 0.01, and ***p < 0.001.

We further analyzed drug tissue biodistribution in the C57BL/6
mouse model of Panc02 orthotopic pancreatic tumors. At 24 h
post-administration, major organs and tumors were excised and
drug concentration was measured (Figure S7D, Supporting In-
formation). We found that free drug administration had a statis-
tically significant increase in the accumulation of GEM in kid-
neys and diABZI in hearts and livers. In contrast, administration
of GPS therapy significantly increased drug concentrations in tu-
mors compared to free drugs at an equivalent dose. Preferential
accumulation of toxic therapeutics within tumors while sparing

healthy organs is a prerequisite to achieving in vivo antitumor
activity and reducing side effects.

STING pathway is naturally involved during infection and
inflammation. There are concerns that systemic STING acti-
vation may exacerbate many autoimmune and inflammatory
syndromes.[16] We, therefore, investigated the safety profiles of
GPS therapy in healthy ICR mice in comparison to its free drug
combination. Blood sample analysis and pathological examina-
tion of major organs were conducted on days 1 and 30 following
the treatment to evaluate acute and long-term toxicities. In
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clinical observations, the major side effect of GEM is myelosup-
pression, which is manifested by leucopenia, thrombocytopenia,
and anemia. Consistently, free drug combination resulted in
myelosuppression in animals, decreasing the proportions of
white blood cells (WBC), neutrophils (NEU), red blood cells
(RBC), and platelet (PLT) (Figure S8A, Supporting Information).
In contrast, the mice receiving GPS therapy had only mild
myelosuppression. Nevertheless, both GPS and 3 free treatment
groups showed no evidence of myelosuppression on day 30
(Figure S8B, Supporting Information). In blood biochemistry
analyses, administration of free drug combination has only
led to a transient elevation of serum alanine aminotransferase
(ALT), blood urea nitrogen (BUN), and creatinine (Cre) on day
1 (Figure S8C, Supporting Information), while there were no
significant differences in serum aspartate aminotransferase
(AST), ALT, BUN and Cre between GPS and saline groups on
day 30 (Figure S8D, Supporting Information). In addition, the
drug treatment did not impart observable damage to organs,
as supported by histopathological examination (Figure S8E,F,
Supporting Information). Together, these results suggest that the
major toxicity of this combination regime is myelosuppression,
and the co-delivery system can ameliorate bone marrow toxicity
compared to the free drug combination.

2.7. GPS Therapy Serves as a Neoadjuvant to Inflame the TME
and Achieve Recurrence-Free Survival

Given the critical role of the STING pathway in increasing the re-
sponses to immunotherapy, we investigated whether treatment
with the STING agonist-loaded GPS can be applied as neoad-
juvant therapy to improve post-surgical prognosis. The poten-
tial of GPS therapy was assessed in a highly aggressive, triple-
negative breast cancer (TNBC) 4T1 model in mice (Figure 5A).
After three intravenous injections of each nanotherapeutic, the
tumor volume and body weight were monitored. Monotherapy
using the diABZI agent (i.e., diABZI NPs) yielded only moder-
ate tumor inhibition. Impressively, GPS therapy successfully in-
duced superior antitumor effects compared to those of the free
drug combination (Figure 5B–D). This indicated that the triple
therapy-integrated NPs possessed potent efficacy for reducing the
primary tumor burden, which is optimal for complete resection.
Moreover, administration of tri-therapy NPs did not induce ap-
parent body weight loss compared to that in the saline group
(Figure S9A,B, Supporting Information) or abnormalities in bio-
chemical indicators in the blood (Figure S9C–F, Supporting In-
formation), suggesting a favorable safety profile in animals.

Metastatic cancer remains a major clinical challenge and is the
leading cause of cancer-related mortality worldwide.[17] Consider-
ing the highly invasive nature of 4T1 breast cancer, we sought to
investigate whether preoperative STING activation would gener-
ate a long-term protective effect against postsurgical tumor recur-
rence and metastasis. After surgical resection of orthotopic 4T1
breast tumors expressing luciferase (4T1-Luci) on day 18, in vivo
bioluminescence imaging was performed to assess postsurgical
tumor recurrence (Figure 5E). Dual therapy (e.g., 𝛼PD-L1/GEM
NPs) or monotherapy (e.g., diABZI NPs) failed to prevent metas-
tasis, and no mice remained alive on day 102 (Figure 5E,F).
Notably, the administration of GPS substantially extended the

survival time, with all mice surviving until the endpoint of the
study, with no metastatic tumor foci observed by biolumines-
cence imaging. Gross examination revealed some sentinel signs
of tumor metastasis, such as liver inflammatory infiltration and
splenomegaly, along with lung metastatic nodules, in the treated
mice except for the mice receiving GPS therapy (Figure 5G). His-
tological analysis using H&E staining also supported these ob-
servations, showing a significant distribution of metastatic le-
sions within the lungs and spleens in the control group mice
but no detectable lesions in the GPS-treated mice (Figure 5H).
In addition, mice from the diABZI NPs, 𝛼PD-L1/GEM NPs, and
saline groups exhibited pronounced granulocyte recruitment to
the liver, which was correlated with hepatic metastases.[18] These
results suggested that activation of the STING pathway syner-
gized with PD-L1 blockade to potentiate antitumor immunity and
that nanodelivery of these therapeutics in a single platform, such
as GPS, enabled durable prevention of postsurgical tumor recur-
rence.

During neoadjuvant downstaging of tumors, cancer cell death
results in the exposure of tumor antigens that can be captured
and presented by APCs. DCs are the most potent professional
APCs, and their functions are tightly regulated by STING acti-
vation in a type I IFN-dependent manner. To gain further in-
sight into the mechanism by which GPS inflames the TME, tu-
mor tissues were harvested on day 8 after the corresponding
treatment, and intratumor DCs were isolated for flow cytomet-
ric and cytokine/chemokine analyses. We found that GPS ther-
apy significantly stimulated DC maturation, as evidenced by up-
regulated expression of CD80 and CD86 (Figure 5I and Figure
S9G, Supporting Information). We also screened inflammatory
cytokine alterations by bead-based multiplex LEGENDplex im-
munoassays. Compared with other treatments, administration
of GPS resulted in elevated production of IFN-𝛽 and IL-6 in tu-
mor homogenates, which should result from enhanced intra-
tumor delivery of the STING agonist by GPS and, thereby, ac-
tivation of the STING pathway (Figure 5J). GPS therapy trig-
gered the highest secretion of IFN-𝛾 and tumor necrosis factor
𝛼 (TNF-𝛼), two essential factors for antitumor immunity, in tu-
mors. This therapy also resulted in higher levels of CXCL9 (C-X-
C motif chemokine ligand, ≈fivefold) and CXCL10 (≈fourfold),
which are chemokines that are positively correlated with intra-
tumor T-cell infiltration, than the free combination. Although
diABZI NPs had led to comparable expression levels of IFN-𝛽,
CXCL9, and CXCL10 as compared to GPS therapy, the antitumor
activity of diABZI NPs as monotherapy was limited. Collectively,
these data highlight the potential of the diABZI agent to generate
an inflamed TME phenotype that favors efficient killing of pri-
mary and micrometastatic lesions for improved recurrence-free
survival. Moreover, triple-combination therapy using chemother-
apy, immune checkpoint inhibition, and STING agonist was po-
tentially effective to provoke strong antitumor activity in low im-
munogenic tumors.

2.8. Tri-Therapy NPs Eradicate Large Tumors and Elicit
Tumor-Specific Immunity in a Cold Tumor Model

Large tumors remain highly challenging to treat and are often
associated with poor survival in the clinic. Even in preclinical
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Figure 5. GPS therapy inflamed the TME and achieved recurrence-free survival in a triple-negative breast cancer model. A) Schematic of the experimental
timeline and the different treatment groups. B,C) Relative tumor volumes were determined at different time points (n = 8). D) Breast cancer tissues
were excised on day 18. E) In vivo bioluminescence imaging of 4T1 recurrence and metastasis in different treatment groups (n = 8). F) Survival in
different treatment groups (n = 8). G) Gross examination of major organs (lung, liver, and spleen) collected from different treatment groups. Lung
metastatic nodules (indicated by the green arrows), liver inflammatory infiltration, splenomegaly, and focal metastasis (indicated by the dashed and
arrow-indicated areas) were observed. H) H&E staining of lungs, spleens, and livers. The dashed areas indicate metastatic lesions in the lungs and
spleens and granulocytic infiltration in the livers. Scale bars: 100 μm. I) Flow cytometry plots and statistical chart for CD80+ CD86+ DCs (distributed in
the upper right quadrants in the flow cytometry plots) isolated from TILs. J) IFN-𝛽, IL-6, IFN-𝛾 , CXCL9, and CXCL10 levels in the 4T1 TME were measured
by a bead-based multiplex LEGENDplex assay. The data shown are the mean ± s.e.m. values (n = 5). Statistical analysis was performed with one-way
ANOVA. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 6. GPS eradicates large tumors and elicits tumor-specific immunity in an aggressive melanoma model. A) Schematic of the experimental timeline
for a rechallenged B16-OVA melanoma model. B) The relative volumes of primary tumors were determined at different time points (n = 6). “IR” refers
to “immune response”, which is defined as the tumor volume on day 9 being smaller than the baseline tumor volume on day 0. C) Primary melanoma
tissues were excised on day 9. D) The volumes of rechallenged melanoma tumors were determined at different time points (n = 5). “TF” refers to
“tumor free”, which is defined as those without any tumor growth on the contralateral side on day 19 after rechallenge. E) Rechallenged melanoma
tissues were excised on day 42. The dashed area indicates that GPS treatment resulted in complete elimination of reinoculated melanoma tumors. F,G)
Maturation of DCs, as indicated by the expression levels of CD80, CD86, and CD83, was evaluated in the primary TME, and the results are presented on
statistical charts (n = 5). H,I) CD103+ DCs were quantified in primary TMEs and tdLNs, and the results are presented in statistical charts (n = 5). J–M)
Activation of OVA-specific CD8+ T cells was evaluated after ex vivo restimulation of splenic lymphocytes with OVA (peptide sequence: SIINFKEL) for 6
h. The proportions of (J, K) IFN-𝛾+ CD8+ T cells and (L, M) CD107a+ CD8+ T cells were quantified by flow cytometry. CD107a constitutes a marker of
cytotoxic degranulation in CD8+ T cells. The proportions of the above immune cell subsets were compared across the different treatment groups by the
Kruskal–Wallis test. *p<0.05, **p < 0.01, and ***p < 0.001.
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animal models, large tumors respond poorly to therapy. We,
therefore, sought to determine the efficacy of GPS therapy
against aggressive B16-OVA (B16 cells expressing ovalbumin)
melanoma tumors of ≈500 mm3 as an inoperable model
(Figure 6A). Following systemic administration, the tumor
growth curve for each group was recorded (Figure 6B and Figure
S10A, Supporting Information). In the saline group, the tumors
grew rapidly, and the average tumor volume was 1500 mm3

on day 9. However, 𝛼PD-L1/GEM NPs without loading of the
STING agonist showed low tumor inhibition efficacy, possibly
because of the poor immunogenicity of B16F10 melanoma.
Strikingly, after three injections of GPS, the large established
tumors were significantly eradicated (e.g., the average tumor
volume on day 9 was reduced to ≈200 mm3). The photograph of
tumors excised from each group at the endpoint of the study also
supported the efficacy results (Figure 6C). These results indicate
that STING agonists are a potential alternative to treat ICB-
resistant tumors and that the use of a neoadjuvant with STING
agonists could provide a surgical opportunity for the downstag-
ing of large inoperable malignancies. To further test whether
GPS can generate a long-term durable response, treated mice
were rechallenged with the same tumors after surgical removal
of the primary melanoma tumors (Figure 6D,E). Rejection of
rechallenged tumors was considered evidence of immunological
memory. GPS treatment led to responses ranging from robust
tumor inhibition to eradication, whereas rapid tumor progres-
sion was observed in the saline- and dual therapy NP-treated
groups (Figure 6D and Figure S10B, Supporting Information).
The tumors excised from each group at the endpoint of the study
further demonstrated the superior efficacy of GPS (Figure 6E).

To further elucidate whether GPS therapy induced the sys-
temic immunophenotypic changes, primary tumors, tumor-
draining lymph nodes (tdLNs), and spleens were collected for
the isolation of immune cells. Consistent with previous findings,
GPS treatment significantly enhanced DC maturation with in-
creased CD80, CD86, and CD83 expression in the TME as com-
pared to other treatments (Figure 6F,G, Figure S10D,E, Sup-
porting Information). The recruitment of tumor-specific APCs
is essential for the initiation of systemic antitumor immune re-
sponses, which is followed by DC migration into secondary lym-
phatic organs. Recent studies have reported the critical role of
CD103+ DCs in mediating the transport of intact antigens from
the TME to tdLNs for the cross-priming of CD8+ T cells, and
the expansion of CD103+ DCs has offered opportunities for im-
proved cancer immunotherapies with PD-L1 inhibition in B16
melanoma models.[18] Here, we observed that delivery of STING
agonists augmented the infiltration of CD103+ DCs into both
the TME and tdLNs (Figure 6H,I, Figure S10F,G, Supporting
Information), indicating successful migration from tumor sites
to tdLNs for subsequent cross-priming. Finally, to determine
whether the maturation and migration of DCs established a sys-
temic, antigen-specific T-cell response, we analyzed the presence
of OVA-specific CD8+ T cells after ex vivo restimulation of splenic
lymphocytes with OVA peptide for 6 h (Figure S11, Supporting
Information). IFN-𝛾 and CD107a are critical indicators of the ac-
tivated CD8+ effector T cells. As shown by flow cytometric analy-
sis (Figure 6J–M), low levels of OVA-specific CTLs were detected
in the saline and 𝛼PD-L1/GEM NP groups but were most abun-
dant in the GPS-treated group. Notably, monotherapy with the

STING agonist failed to elicit a robust OVA-specific T-cell re-
sponse. This was consistent with the current understanding that
PD-1/PD-L1 signaling among immune cells also affects antitu-
mor responses.[19] These data showed that STING agonists can
be synergistically combined to sensitize low-immunogenicity tu-
mors and that GPS therapy can serve as an ideal neoadjuvant for
generating systemic, tumor-specific immunity.

3. Conclusion

In this study, we developed a combinatorial immunogenic nan-
otherapeutic platform that contains a polymeric monoconju-
gated GEM prodrug for synergistic delivery of multimodal ther-
apeutics, including chemotherapeutic drugs, ICB inhibitors,
and STING agonists. Based on initial pilot findings that GEM
treatment upregulates PD-L1 expression in cancer cells, the
chemotherapeutic agent GEM and 𝛼PD-L1 were rationally en-
gineered in a single scaffold to enhance cellular uptake and
intratumor delivery as well as activate CTLs. To further over-
come resistance to ICB and inflame low-immunogenic tumors,
a STING agonist was incorporated to form a triple-combination
GPS nanosystem to synergize innate and adaptive immunity.
Neoadjuvant application of GPS induced the maturation of intra-
tumor DCs and upregulated immunostimulatory cytokines and
chemokines that are essential for initiating antitumor T-cell re-
sponses. Moreover, GPS therapy efficiently promoted the infiltra-
tion and migration of CD103+ DCs from the TME to tdLNs, an
event considered a bridge between innate and adaptive immu-
nity. In the B16-OVA rechallenge model, GPS-pretreated mice
showed total rejection of rechallenged tumor cells, and ex vivo
experiments revealed that splenic T cells of these mice can gener-
ate specific immunity in response to the OVA antigen simulation.
As a result, GPS therapy holds promising efficacy in the eradica-
tion of both primary tumors and the achievement of recurrence-
free survival in multiple tumor models. Overall, this work pro-
vides a framework for devising complementary immunomodu-
latory agents and chemotherapeutics to synergistically treat ICB-
nonresponsive cancers.

4. Experimental Section
Preparation of Maleimide-Functionalized GEM NPs: Maleimide-

functionalized PLA-GEM NPs were fabricated using a nanoprecipitation
method. In brief, the PLA-GEM prodrug, PEG5k-PLA8k, MAL-PEG5k-PLA8k,
and diABZI were dissolved in 100 μL of DMSO solution and then added
dropwise into 900 μL of deionized (DI) water during sonication. NPs were
washed three times by repeated ultracentrifugation (35 000 rpm for 1 h at
4 °C) and reconstitution in DI water.

Iminothiolation of 𝛼PD-L1: Iminothiolation of 𝛼PD-L1 was conducted
according to a previous study[20] and the manufacturer’s protocol. One
milligram of anti-mouse PD-L1 antibody (BioXcell Inc., clone 10F.9G2) and
40 μg of 2-iminothiolane were diluted to a final volume of 0.5 mL in sodium
phosphate buffer (pH 8). The mixture was incubated at 4 °C for 2 h in a
rotating chamber, followed by repeated centrifugation at 4000 rpm and
4 °C for 30 min using an Ultra-4 centrifugal filter unit (Amicon, Billerica,
MA) to remove excess 2-iminothiolane.

Conjugation of the Antibody to Maleimide-Functionalized GEM NPs:
One milligram of iminothiolated 𝛼PD-L1was added to 10 mg of
maleimide-functionalized GEM NPs or diABZI@GEM NPs and incubated
overnight at room temperature in a rotating shaker. The particles were then
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pelleted by centrifugation at 14 000 rpm and 4 °C for 30 min and washed
twice with DI water. The NP suspension was then lyophilized.

Cell Lines and Cell Culture: The mouse pancreatic cancer cell line
Panc02, mouse melanoma cell line B16.F10 expressing ovalbumin (B16-
OVA), mouse breast cancer cell line 4T1 expressing firefly luciferase (4T1-
Luci), and mouse macrophage cell line RAW 247.6 were obtained from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cul-
tured in DMEM or RPMI-1640 medium as appropriate. The media were
supplemented with 10% fetal bovine serum (FBS), penicillin (100 units
mL−1), and streptomycin (100 μg mL−1).

Orthotopic Pancreatic Tumor Model: A surgical orthotopic pancreatic
cancer model was established in C57BL/6 mice (4–6 weeks old, male).[22]

Panc02-Luci cells (5×105) were suspended in 10 μL of PBS and mixed
with 10 μL of low-temperature Matrigel matrix prior to injection into the
pancreatic tail parenchyma. Two weeks after inoculation, orthotopically
implanted tumors were confirmed with an IVIS Lumina imaging system
(Caliper) on day 0, and tumor-bearing mice were randomly divided into
the following six groups (5 mice per group) according to the total lumines-
cence flux: 1) saline (control); 2) 𝛼PD-L1 (20 μg per mouse); 3) free GEM
(5 mg kg−1); 4) GEM NP (5 mg kg−1 GEM equivalent); 5) GEM NP (5 mg
kg−1 GEM equivalent) combined with 𝛼PD-L1 (20 μg per mouse), and 6)
𝛼PD-L1/GEM NP (equivalent of 5 mg kg−1 GEM and 20 μg of 𝛼PD-L1 per
mouse). The above treatments were intravenously injected every other day
for a total of three times. To evaluate anticancer activity and drug toxicity,
the tumor burden was monitored by measuring the bioluminescence sig-
nals of cancer cells, and the body weight was recorded from day 0 to day 27.

Orthotopic Breast Cancer Tumor Model: An orthotopic breast cancer
model was established in BALB/c mice (4–6 weeks old, female). 4T1-Luci
cells (5×105) were suspended in 50 μL of PBS and inoculated into the
mammary fat pad of the mice. Seven days after inoculation, the tumor-
bearing mice were randomly divided into the following five groups and
received the designated treatments via intravenous injection every three
days for a total of three treatments: 1) saline; 2) diABZI NP; 3) 3 free
(physical mixture of free 1 mg kg−1 diABZI, 5 mg kg−1 GEM and 20 μg of
𝛼PD-L1 per mouse); 4) 𝛼PD-L1/GEM NP (equivalent of 5 mg kg−1 GEM
and 20 μg of 𝛼PD-L1 per mouse), and 5) GPS (equivalent of 1 mg kg−1

diABZI, 5 mg kg−1 GEM and 20 μg of 𝛼PD-L1 per mouse). The volume of
the tumors was calculated using the following formula: Tumor volume =
(length*width2)/2.

Orthotopic and Rechallenged Melanoma Model: B16-OVA cells (5×105

cells) were suspended in 50 μL of PBS and subcutaneously injected into the
right axillae of C57BL/6 mice. Seven days after inoculation, when the tu-
mor volume was approximately 500 mm3, the mice were randomly divided
into the following five groups (5 mice per group) and received treatments
via intravenous injection every three days for a total of three treatments: 1)
saline; 2) diABZI NP; 3) 3 free (physical mixture of free 1 mg kg−1 diABZI,
5 mg kg−1 GEM and 20 μg of 𝛼PD-L1 per mouse); 4) 𝛼PD-L1/GEM NP
(equivalent of 5 mg kg−1 GEM and 20 μg of 𝛼PD-L1 per mouse), and 5)
GPS (equivalent of 1 mg kg−1 diABZI, 5 mg kg−1 GEM and 20 μg of 𝛼PD-L1
per mouse). The volume of the tumors was calculated using the following
formula: Tumor volume = (length*width2)/2. Nine days after the first in-
jection, primary tumors from the same batch of mice were removed and
the mice were rechallenged with live B16-OVA cells on the contralateral
side on day 7 after the surgery.

Cytokine and Chemokine Analysis: Tumors were harvested 2 days af-
ter the last injection of the corresponding treatment. Tumor tissues (ap-
proximately 2 mg) were excised and minced in 300 μL of RIPA lysis buffer
(Beyotime, catalog no. P0013B) supplemented with protease and phos-
phatase inhibitor cocktail (Beyotime, catalog no. P1046). The protein con-
tent was first quantified with a BCA protein assay kit (Beyotime, catalog
no. P0012S).

The levels of cytokines and chemokines in the tumor tissue ho-
mogenates were measured with a LEGENDplex Mouse Inflammation
Panel (13-plex) (catalog no. 740446), LEGENDplex Mouse Proinflamma-
tion Chemokine Panel (13-plex) (catalog no. 740451), and Mouse IFN-𝛽
Valukine ELISA Kit (Novus, Bio-Techne China, catalog no. VAL612). The re-
sulting values were then normalized to the protein content as determined
by the BCA.

TAA-Specific T-Cell Analysis: Spleens from B16-OVA tumor-bearing
C57BL6/J mice were collected 2 days after the last injection of the corre-
sponding treatment, homogenized into single-cell suspensions, and then
treated with ACK Lysing Buffer (Gibco). A total of 2 × 106 splenocytes were
seeded in a 6-well plate in 1 mL of DMEM containing 10% FBS and supple-
mented with H-2Kb OVA peptide (5 g mL−1, catalog no. 257–264) (MBL
Life Science, catalog no. TS-5001-P) for 6 h. Finally, the cells were stained
with dye-labeled antibodies and subjected to flow cytometry analysis fol-
lowing the manufacturer’s protocol.

Animal Experiments: C57BL/6 mice, BALB/c mice, ICR mice and
Sprague-Dawley (SD) rats were purchased from the Laboratory Animal
Center of Hangzhou Medical College (Hangzhou, China). All animals were
raised in specific pathogen-free animal experimental center and were al-
lowed free access to food and water. All animal studies were conducted in
accordance with the National Institute Guide for the Care and Use of Lab-
oratory Animals. The protocols for animal experiments were approved by
the Ethics Committee of the First Affiliated Hospital, Zhejiang University
School of Medicine.

Statistical Analyses: Quantitative data were presented as the means ±
standard deviations. Data were analyzed using SPSS 22.0 software. Signif-
icant differences were analyzed using one-way ANOVA and the chi-square
test. The thresholds for statistical significance were *p<0.05, **p<0.01,
and ***p<0.001.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This study was supported by grants from Zhejiang Provincial Natural
Science Foundation of China (LR19H160002), National Natural Science
Foundation of China (82273490, 82073296, and 81773193), and Research
Project of Jinan Microecological Biomedicine Shandong Laboratory (JNL-
2022010B). The authors thank Zhaoxiaonan Lin in the Center of Cryo-
Electron Microscopy, Zhejiang University, for her technical assistance on
TEM analysis.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
cancer nanomedicine, chemo-immunotherapy, gemcitabine prodrug,
stimulator of interferon genes agonist, tumor microenvironment

Received: August 25, 2022
Revised: February 22, 2023

Published online: April 5, 2023

[1] a) A. D. Waldman, J. M. Fritz, M. J. Lenardo, Nat. Rev. Immunol. 2020,
20, 651; b) S. P. Kubli, T. Berger, D. A.-O. Araujo, L. L. Siu, T. W. Mak,
Nat. Rev. Drug Discovery 2021, 20, 899.

Adv. Sci. 2023, 10, 2204890 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2204890 (13 of 14)



www.advancedsciencenews.com www.advancedscience.com

[2] a) A. Ribas, J. D. Wolchok, Science 2018, 359, 1350; b) G. Morad, B.
A. Helmink, P. Sharma, J. A. Wargo, Cell 2022, 185, 576.

[3] a) J. Wan, L. Ren, X. Li, S. He, Y. Fu, P. Xu, F. Meng, S. Xian, K. Pu,
H. Wang, Proc. Natl. Acad. Sci. U. S. A. 2023, 120, e2210385120; b)
S. Musetti, L. Huang, ACS Nano 2018, 12, 11740; c) M. Datta, L. M.
Coussens, H. Nishikawa, F. S. Hodi, R. K. Jain, Am. Soc. Clin. Oncol.
Educ. Book 2019, 39, 165.

[4] a) M. B. Fuertes, A. K. Kacha, J. Kline, S.-R. Woo, D. M. Kranz, K.
M. Murphy, T. F. Gajewski, J. Exp. Med. 2011, 208, 2005; b) M. S.
Diamond, M. Kinder, H. Matsushita, M. Mashayekhi, G. P. Dunn,
J. M. Archambault, H. Lee, C. D. Arthur, J. M. White, U. Kalinke, K.
M. Murphy, R. D. Schreiber, J. Exp. Med. 2011, 208, 1989; c) M. B.
Fuertes, S. R. Woo, B. Burnett, Y. X. Fu, T. F. Gajewski, Trends Immunol.
2013, 34, 129.

[5] J. M. Ramanjulu, G. S. Pesiridis, J. Yang, N. Concha, R. Singhaus, S.
Y. Zhang, J. L. Tran, P. Moore, S. Lehmann, H. C. Eberl, M. Muel-
baier, J. L. Schneck, J. Clemens, M. Adam, J. Mehlmann, J. Romano,
A. Morales, J. Kang, L. Leister, T. L. Graybill, A. K. Charnley, G. Ye, N.
Nevins, K. Behnia, A. I. Wolf, V. Kasparcova, K. Nurse, L. Wang, A. C.
Puhl, Y. Li, et al., Nature 2018, 564, 439.

[6] a) Y. Binenbaum, S. Na’ara, Z. Gil, Drug Resistance Updates 2015, 23,
55; b) M. Tonato, A. M. Mosconi, C. Martin, Anticancer Drugs 1995,
6, 27; c) D. M. Bender, J. Bao, A. H. Dantzig, W. D. Diseroad, K. L.
Law, N. A. Magnus, J. A. Peterson, E. J. Perkins, Y. J. Pu, S. M. Reutzel-
Edens, D. M. Remick, J. J. Starling, G. A. Stephenson, R. K. Vaid, D.
Zhang, J. R. McCarthy, J. Med. Chem. 2009, 52, 6958; d) M. Vandana,
S. K. Sahoo, Biomaterials 2010, 31, 9340.

[7] a) H. A. Burris 3rd , M. J. Moore, J. Andersen, M. R. Green, M. L.
Rothenberg, M. R. Modiano, M. C. Cripps, R. K. Portenoy, A. M.
Storniolo, P. Tarassoff, R. Nelson, F. A. Dorr, C. D. Stephens, D. D.
Von Hoff, J. Clin. Oncol. 1997, 15, 2403; b) A. Clegg, D. A. Scott, M.
Sidhu, P. Hewitson, N. Waugh, Health Technol. Assess. 2001, 5, 1; c)
D. Lorusso, A. Di Stefano, F. Fanfani, G. Scambia, Ann. Oncol. 2006,
17, v188; d) D. C. Doval, J. S. Sekhon, S. K. Gupta, J. Fuloria, V. K.
Shukla, S. Gupta, B. S. Awasthy, Br. J. Cancer 2004, 90, 1516.

[8] B. Tyler, D. Gullotti, A. Mangraviti, T. Utsuki, H. Brem, Adv. Drug De-
livery Rev. 2016, 107, 163.

[9] L. Zheng, J. Natl. Cancer Inst. 2017, 109, djw304.
[10] a) H. Wang, X. He, D. Fang, X. Wang, J. Guan, Z. W. Shi, X. Chen,

Clin. Res. Hepatol. Gastroenterol. 2021, 46, 101853; b) A. Azad, S. Yin
Lim, Z. D’Costa, K. Jones, A. Diana, O. J. Sansom, P. Kruger, S. Liu, W.
G. McKenna, O. Dushek, R. J. Muschel, E. Fokas, EMBO Mol. Med.
2017, 9, 167.

[11] K. C. Huang, S. F. Chiang, W. T. Chen, T. W. Chen, C. H. Hu, P. C. Yang,
T. W. Ke, K. S. C. Chao, Cancers 2020, 12, 462.

[12] Y. Togashi, K. Shitara, H. Nishikawa, Nat. Rev. Clin. Oncol. 2019, 16,
356.

[13] a) A. C. Diederichsen, J. Hjelmborg, P. B. Christensen, J. Zeuthen, C.
Fenger, Cancer Immunol. Immunother. 2003, 52, 423; b) S. Han, C.
Zhang, Q. Li, J. Dong, Y. Liu, Y. Huang, T. Jiang, A. Wu, Br. J. Cancer
2014, 110, 2560.

[14] R. A. Watson, O. Tong, R. Cooper, C. A. Taylor, P. K. Sharma, A. V.
d. l. Aires, E. A. Mahé, H. Ruffieux, I. Nassiri, M. R. Middleton, B. P.
Fairfax, Sci. Immunol. 2021, 6, eabj8825.

[15] a) L. Corrales, L. H. Glickman, S. M. McWhirter, D. B. Kanne, K. E.
Sivick, G. E. Katibah, S. R. Woo, E. Lemmens, T. Banda, J. J. Leong, K.
Metchette, T. W. Dubensky jr , T. F. Gajewski, Cell Rep. 2015, 11, 1018;
b) T. Ohkuri, A. Kosaka, K. Ishibashi, T. Kumai, Y. Hirata, K. Ohara,
T. Nagato, K. Oikawa, N. Aoki, Y. Harabuchi, E. Celis, H. Kobayashi,
Cancer Immunol. Immunother. 2017, 66, 705; c) T. Ohkuri, A. Ghosh,
A. Kosaka, J. Zhu, M. Ikeura, M. David, S. C. Watkins, S. N. Sarkar, H.
Okada, Cancer Immunol. Res. 2014, 2, 1199.

[16] A. Decout, J. D. Katz, S. Venkatraman, A. Ablasser, Nat. Rev. Immunol.
2021, 21, 548.

[17] a) Y. Sun, X. Feng, C. Wan, J. F. Lovell, H. Jin, J. Ding, Asian J. Pharm.
Sci. 2021, 16, 129; b) J. Zhang, Y. Lin, Z. Lin, Q. Wei, J. Qian, R. Ruan,
X. Jiang, L. Hou, J. Song, J. Ding, H. Yang, Adv. Sci. 2022, 9, 2103444;
c) P. Zheng, B. Ding, Z. Jiang, W. Xu, G. Li, J. Ding, X. Chen, Nano
Lett. 2021, 21, 2088.

[18] S. Tabariès, V. Ouellet, B. E. Hsu, M. G. Annis, A. A. N. Rose, L. Meu-
nier, E. Carmona, C. E. Tam, A.-M. Mes-Masson, P. M. Siegel, Breast
Cancer Res. 2015, 17, 45.

[19] a) E. W. Roberts, M. L. Broz, M. Binnewies, M. B. Headley, A. E. Nel-
son, D. M. Wolf, T. Kaisho, D. Bogunovic, N. Bhardwaj, M. F. Krum-
mel, Cancer Cell 2016, 30, 324; b) H. Salmon, J. Idoyaga, A. Rahman,
M. Leboeuf, R. Remark, S. Jordan, M. Casanova-Acebes, M. Khudoy-
nazarova, J. Agudo, N. Tung, S. Chakarov, C. Rivera, B. Hogstad, M.
Bosenberg, D. Hashimoto, S. Gnjatic, N. Bhardwaj, A. K. Palucka,
B. D. Brown, J. Brody, F. Ginhoux, M. Merad, Immunity 2016, 44,
924.

[20] Q. Peng, X. Qiu, Z. Zhang, S. Zhang, Y. Zhang, Y. Liang, J. Guo, H.
Peng, M. Chen, Y. X. Fu, H. Tang, Nat. Commun. 2020, 11, 4835.

[21] S. K. Swaminathan, E. Roger, U. Toti, L. Niu, J. R. Ohlfest, J. Panyam,
J Control Release 2013, 171, 280.

[22] a) L. I. Partecke, M. Sendler, A. Kaeding, F. U. Weiss, J. Mayerle, A.
Dummer, T. D. Nguyen, N. Albers, S. Speerforck, M. M. Lerch, C. D.
Heidecke, W. von Bernstorff, A. Stier, Eur. Surg. Res. 2011, 47, 98; b)
Y. J. Jiang, C. L. Lee, Q. Wang, Z. W. Zhou, F. Yang, C. Jin, D. L. Fu,
World J. Gastroenterol. 2014, 20, 9476.

[23] a) K. Abiko, N. Matsumura, J. Hamanishi, N. Horikawa, R. Murakami,
K. Yamaguchi, Y. Yoshioka, T. Baba, I. Konishi, M. Mandai, Br. J. Cancer
2015, 112, 1501; b) A. Thiem, S. Hesbacher, H. Kneitz, T. di Primio, M.
V. Heppt, H. M. Hermanns, M. Goebeler, S. Meierjohann, R. Houben,
D. Schrama, J. Exp. Clin. Cancer Res. 2019, 38, 397.

Adv. Sci. 2023, 10, 2204890 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2204890 (14 of 14)


