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Synergistic immunotherapy of immune checkpoint blockade (ICB) and immunogenic cell death (ICD) has shown
remarkable therapeutic efficacy in various cancers. However, patients show low response rates and undesirable
outcomes to these combination therapies owing to the recycling mechanism of programmed death-ligand 1 (PD-
L1) and the systemic toxicity of ICD-inducing chemotherapeutic drugs. Herein, we propose all-in-one glycol
chitosan nanoparticles (CNPs) that can deliver anti-PD-L1 peptide (PP) and doxorubicin (DOX) to targeted tumor
tissues for a safe and more effective synergistic immunotherapy. The PP-CNPs, which are prepared by conju-
gating p-form PP (NYSKPTDRQYHF) to CNPs, form stable nanoparticles that promote multivalent binding with
PD-L1 proteins on the targeted tumor cell surface, resulting in effective lysosomal PD-L1 degradation in contrast
with anti-PD-L1 antibody, which induces recycling of endocytosed PD-L1. Consequently, PP-CNPs prevent
subcellular PD-L1 recycling and eventually destruct immune escape mechanism in CT26 colon tumor-bearing
mice. Moreover, the ICD inducer, DOX is loaded into PP-CNPs (DOX-PP-CNPs) for synergistic ICD and ICB
therapy, inducing a large number of damage-associated molecular patterns (DAMPs) in targeted tumor tissues
with minimal toxicity in normal tissues. When the DOX-PP-CNPs are intravenously injected into CT26 colon
tumor-bearing mice, PP and DOX are efficiently delivered to the tumor tissues via nanoparticle-derived passive
and active targeting, which eventually induce both lysosomal PD-L1 degradation and substantial ICD, resulting in
a high rate of complete tumor regression (CR: 60%) by a strong antitumor immune response. Collectively, this
study demonstrates the superior efficacy of synergistic immunotherapy using all-in-one nanoparticles to deliver
PP and DOX to targeted tumor tissues.

1. Introduction

Among the cancer immunotherapy strategies that can initiate or
enhance an antitumor immune response, immune checkpoint blockade
(ICB) therapy via the monoclonal antibody (mAb) targeting pro-
grammed death-ligand 1 (PD-L1) has shown remarkable therapeutic
efficacy in oncology patients [1,2]. In addition, the clinical outcomes of
this antibody therapy have been significantly improved when combined
with various immunogenic cell death (ICD)-inducing modalities,
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including chemotherapy, radiotherapy, photodynamic therapy and
photothermal therapy [3-6]. However, most patients respond poorly
and show low response rates to these combination therapies. In partic-
ular, some tumors have been completely refractory to response with ICB
[7,8]. This is due to the resistance mechanism by which PD-L1 endo-
cytosed after conformational blockade with mAbs is actively recycled
back to the cell surface through the recycling endosome, thereby pre-
venting its degradation in the lysosome [9]. This recycling mechanism of
endocytosed PD-L1 hinders to induce reliable and durable membrane
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PD-L1 deficiency, thereby disrupting the signaling pathway of T cells
and reducing ICB efficiency in cancer immunotherapy [10].

A subcellular trafficking strategy for lysosomal degradation of PD-L1
can be an important approach to improving the response rate and effi-
ciency of ICB therapy by preventing the intracellular PD-L1 recycling
mechanism. For instance, the depletion of PD-L1 regulator proteins,
CMTMS6 or trafficking protein particle complex subunit 4 (TRAPPC4),
and the inhibition of PD-L1 palmitoylation using 2-bromopalmitate (2-
BP) can cause lysosomal PD-L1 degradation by sorting endocytosed PD-
L1 into lysosomes [11,12]. As a therapeutic approach, promoting
multivalent binding of anti-PD-L1 antibodies or peptides with PD-L1 on
the cell surface can efficiently transport PD-L1 to lysosomes to induce its
lysosomal degradation [13]. It has been reported that multivalent
binding complexes of ligands and receptors alter the endocytosis
mechanism and subcellular trafficking, resulting in the internalization of
their complexes into lysosomes [14]. Based on this multivalent binding
mechanism of ligands and receptors, anti-PD-L1 peptide-conjugated
2-hydroxypropyl methacrylamide (HPMA) polymers promoted multi-
valent binding with PD-L1 on the cancer cell surface and induced lyso-
somal PD-L1 degradation to inhibit PD-L1 recycling to the cell surface
compared with the monovalent binding mechanism of anti-PD-L1 mAbs
[14]. In addition, nano-sized dendrimers modified with multiple
anti-PD-L1 mAbs significantly improved the efficiency of ICB therapy via
the PD-L1 multivalent binding mechanism [15]. Compared with
anti-PD-L1 mAbs, these hyperbranched dendrimer-mediated PD-L1
multivalent binding substantially enhanced T-cell cytokine production
by disrupting PD-1/PD-L1 immune escape and their resistance mecha-
nisms in cancer cells. However, the exact mechanism through which
multivalent binding promotes lysosomal PD-L1 degradation is not fully
understood.

The efficacy of lysosomal PD-L1 degradation via multivalent binding
can be determined by target accessibility, the number of ligands and
expression levels of the target receptors on the cancer cell surface.
However, a universal method in promoting multivalent binding of
receptor-ligand complexes is still a major unmet clinical need [13]. As a
promising approach, the nanoparticle system has high amenability for
chemical modification to conjugate anti-PD-L1 ligands to induce
multivalent binding to traffic PD-L1 proteins to subcellular lysosomes
[16,17]. Furthermore, anti-PD-L1 ligand-modified nanoparticles can be
used as a tumor-targeting delivery system for various immune modu-
lators for synergistic immunotherapy owing to their high tumor accu-
mulation by nanoparticle-derived passive and active targeting [18].
Therefore, discovering an all-in-one nanoparticle system incorporating
ligands against PD-L1 with immune modulators, which can promote
both lysosomal PD-L1 degradation by multivalent binding and elicit
potent antitumor immunity, is a formidable challenge to improve the
therapeutic efficacy of cancer immunotherapy. Recently, we studied the
optimal density of anti-PD-L1 peptides on lipid nanoparticle surfaces to
facilitate multivalent binding of PD-L1 on the cancer cell membrane via
a clinically relevant liposomal formulation [19]. Interestingly, 10 mol%
anti-PD-L1 peptide-incorporated liposomes effectively downregulated
PD-L1 levels in cancer cells for 3 days by promoting multivalent
binding-mediated lysosomal PD-L1 degradation, compared with a rapid
PD-L1 recycling within 24 h of treatment with anti-PD-L1 mAb.
Furthermore, loading an ICD inducer, doxorubicin (DOX), into the
anti-PD-L1 peptide-modified liposomes successfully eradicated the tar-
geted tumor tissues via synergistic immunotherapy of immunogenic
chemotherapy and lysosomal PD-L1 degradation in colon tumor-bearing
mice.

Herein, we propose a new all-in-one nanoparticle system consisting
of anti-PD-L1 peptide-conjugated and DOX-loaded glycol chitosan
nanoparticles (CNPs) to combine effective lysosomal PD-L1 degradation
and ICD. The CNPs prepared with specific ratio of glycol chitosan and
5B-cholinic acid are excellent tumor-targeting nanoparticles that can be
not only chemically modified with targeting ligands but also encapsulate
different types of imaging agents, chemotherapeutic drugs, peptide
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drugs, gene therapeutics and also immune modulators [20,21].
Furthermore, CNPs have shown outstanding advantages, such as effi-
cient cellular uptake, high in vivo stability and good biocompatibility in
cancer treatment. Notably, CNPs have shown a great tumor-targeting
ability in many preclinical studies, thus they are most suitable nano-
particle systems for co-delivery of various ICD-inducing chemothera-
peutic drugs with anti-PD-L1 peptide for cancer immunotherapy [22,
2.3]. To prepare a new all-in-one nanoparticle system, hydrophilic glycol
chitosan polymer is chemically conjugated with hydrophobic 5f-chol-
anic acid. The resulting amphiphilic glycol chitosan-5f-cholanic acid
conjugates form stable nanoparticle structures in aqueous conditions,
resulting in CNPs. Then, anti-PD-L1 p-peptide (PP; NYSKPTDRQYHF) is
conjugated to CNPs (PP-CNPs), followed by encapsulation of
ICD-inducing chemotherapeutic drug, DOX, to yield DOX-PP-CNPs that
can promote synergistic antitumor immune responses of ICB and ICD
(Scheme 1a). When DOX-PP-CNPs are intravenously injected into
tumor-bearing mice, they efficiently deliver PP and DOX to the targeted
tumor tissues via both nanoparticle-derived passive and PD-L1 recep-
tor-mediated active targeting mechanisms (Scheme 1b). Notably, the
new all-in-one DOX-PP-CNPs promote multivalent binding with PD-L1
receptors on the tumor cell surface with aim to induce the lysosomal
PD-L1 degradation that prevents PD-L1 recycling (Scheme 1c). Next, the
receptor-mediated endocytosed DOX-PP-CNPs release DOX to induce
potent ICD, resulting in dendritic cell (DC) maturation and T cell acti-
vation (Scheme 1d). Finally, PD-L1 multivalent binding of DOX-PP-CNPs
significantly decrease an abundant PD-L1 expression induced following
chemotherapy by promoting lysosomal PD-L1 degradation and pre-
venting their recycling, thereby enhancing T cell-mediated antitumor
immune responses to destroy the tumors. This study aims to investigate
the effective lysosomal PD-L1 degradation by all-in-one nano-
particle-mediated PD-L1 multivalent binding in vitro and in vivo.
Importantly, the exact mechanism of lysosomal PD-L1 degradation by
multivalent binding of PP-CNPs with different amounts of anti-PD-L1
peptides (PP) on the nanoparticle surface is directly visualized in
mGFP-tagged PD-L1-expressing tumor cells. Finally, a safe and more
effective synergistic immunotherapy using DOX-PP-CNPs is assessed in
the colon and metastatic lung tumor models.

2. Results and discussions

2.1. Preparation of anti-PD-L1 peptide-conjugated glycol chitosan
nanoparticles (PP-CNPs)

First, we assessed whether PP-CNPs can induce lysosomal PD-L1
degradation via a multivalent binding mechanism. Briefly, CNPs were
prepared by conjugating hydrophobic 5p-cholanic acid to hydrophilic
glycol chitosan backbones (Fig. 1a and S1). The degree of substitution,
defined as the number of 5p-cholanic acids per 100 residues of glycol
chitosan, was determined to be 23% using the colloidal titration method
and 'H NMR [24]. Previously, these amphiphilic glycol chito-
san-5p-cholanic acid conjugates were self-assembled into spherical
nanoparticles (CNPs) with an average size of approximately 250 nm
[25]. They exhibited prolonged in vivo circulation for passive tumor
accumulation and could penetrate deep into the tumors owing to their
great stability and deformability; hence, the tumor-targeting ability
confirmed based on PET imaging was determined to be approximately
10% [21,26], which is the maximal value considering recent negative
consequences of nanoparticles showing 1-2% of the total administered
amount being accumulated in the tumor tissues [27]. In addition, the
free amine groups in the CNPs were further modified with
tumor-targeting antibodies and peptides for targeted tumor drug de-
livery [28]. Finally, hydrophobic chemotherapeutic drugs, such as DOX
[29], paclitaxel [30], docetaxel [31], cisplatin [32], camptothecin [33],
chlorin e6 [34] and protoporphyrin IX [35], can be efficiently loaded
into the inner 5B-cholinic acid cores via hydrophobic interactions.
Therefore, we expected that the CNPs would significantly improve the
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Scheme 1. Synergistic immunotherapy of PD-L1 degradation and ICD by DOX-PP-CNPs. (a) All-in-one nanoparticles, anti-PD-L1 peptide-conjugated and
doxorubicin-loaded glycol chitosan nanoparticles (DOX-PP-CNP), are prepared for synergistic immunotherapy to combine PD-L1 degradation and ICD. (b) DOX-PP-
CNPs are accumulated in targeted tumor tissues via both passive and active tumor targeting. (¢) Then, DOX-PP-CNPs induce PD-L1 multivalent binding on the tumor
cell surface, which internalize with aim to bias the intracellular trafficking of PD-L1 to lysosomes instead of recycling endosomes. (d) Endocytosed DOX-PP-CNPs
release DOX to induce a potent ICD in the tumor cells, resulting in a large amount of DAMPs and tumor-associated antigens for DC maturation and T cell activa-
tion. In addition, PD-L1 multivalent binding of DOX-PP-CNPs significantly decrease a PD-L1 overexpression induced following chemotherapy by promoting lysosomal
PD-L1 degradation and preventing their recycling. As a result, antitumor immune responses by synergistic immunotherapy of DOX-PP-CNPs based on PD-L1
degradation and ICD efficiently inhibit the progression and metastasis of tumors.

target accessibility of both the PP and DOX in tumor tissues.

To introduce the PP in the CNPs, bicyclo[6.1.0]nonyne (BCN) groups
were conjugated to the amine groups of CNPs via an amide bond linkage,
and the different amount of PPs that have azide (N3) group in N-ter-
minus was introduced via click chemistry reaction (Fig. la and S2).
Recently, polymeric nanoparticles modified with anti-PD-L1 antibodies
have been already studied [36,37]. However, since CNPs are modified
under a harsh condition with organic solvent owing to its poor solubility
in aqueous condition, the preparation of antibody-conjugated CNPs
while maintaining three-dimensional structure of antibodies is very
difficult. Therefore, we employed anti-PD-L1 peptide in developing the
nanoparticle systems for multivalent binding-mediated PD-L1 degrada-
tion [38]. When the feeding amount of PP was increased from 7.5 to 25
wt% in the reaction solution, the amount of PP on CNPs was increased
from 5.3 + 0.75 (5 wt% anti-PD-L1 bp-peptide conjugated CNPs;
5PP-CNPs), 10.9 £ 1.1 (10PP-CNPs) or 20.07 + 1.88 wt% (20PP-CNPs),
respectively (Fig. S4). Each PP-CNP showed a high PP conjugation ef-
ficiency (5 PP-CNPs: 70.67 + 10%; 10PP-CNPs: 72.67 + 7.33%; and
20PP-CNPs: 80.28 + 7.52%) by copper-free click chemistry reaction
that is capable of high yielding, simple to perform and create only by
target products without additional catalysts [39-41]. The size and
morphology of the PP-CNPs were not significantly changed after
modification of CNPs with different amount of PPs, showing a spherical
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structure of approximately 220-230 nm in diameter (Fig. 1b and c). In
addition, no significant differences were observed in the zeta potential
of the CNPs with different amounts of PP owing to the neutrally charged
PP (Fig. S4). Next, the binding affinity of PP-CNPs to PD-L1 proteins was
assessed via biolayer interferometry (BLI), wherein PP (0.067 pM),
anti-PD-L1 mAb (PD-L1 Ab; 0.067 pM) and each PP-CNP with an
equivalent concentration of PPs (0.067 uM) were used in the BLI ana-
lyses (Fig. 1d). As expected, the PD-L1 binding affinity of PP-CNPs
gradually enhanced along to the increase of PP contents in CNPs from
5 to 20 wt%. In particular, the PD-L1 binding affinity of 10PP-CNPs was
significantly higher than that of PP, PD-L1 Ab and 5 PP-CNPs, owing to
the multivalent binding mechanism of PPs on the nanoparticle surface.
However, 20PP-CNPs exhibited a PD-L1 binding affinity similar to that
of 10PP-CNPs, indicating that PP-CNPs with 10 wt% PP are the optimal
formulation to promote multivalent binding with PD-L1. These results
are consistent with those of previous study that demonstrated the
optimal density of 10 mol% anti-PD-L1 peptides on the liposome surface
to facilitate PD-L1 multivalent binding for lysosomal degradation [19].
Thus, further studies were performed with 10PP-CNPs, which were
denoted as PP-CNPs in next experiments. The PP-CNPs were highly
stable in mouse serum without significant changes in particle size for 18
days, similar to the CNPs (Fig. le and S5). Their stable structure
approximately 200 nm is suitable to accumulate within tumor tissues via
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Fig. 1. Preparation and characterization of PP-CNPs. (a) Chemical structure of PP-CNPs. The glycol chitosan nanoparticles (CNPs) are prepared by conjugating
5p-cholanic acid to the glycol chitosan. Then, BCN groups are introduced in the amine group of glycol chitosan, and anti-PD-L1 peptide (PP; NYSKPTDRQYHF) is
conjugated via the click chemistry reaction, resulting in PP-CNPs. (b) Size distribution of CNPs, 5PP-CNPs, 10PP-CNPs and 20PP-CNPs, as confirmed via DLS. (¢) TEM
images of CNPs, 5PP-CNPs, 10PP-CNPs and 20PP-CNPs. (d) Binding kinetics on PD-L1-derivatized biosensors of PD-L1 Ab, PP, CNPs or PP-CNPs containing different
ratio of PP (5, 10 or 20%). The concentration of PP, PD-L1 Ab and PP in all the PP-CNPs was unified as 0.067 pM. (e) Stability of CNPs and PP-CNPs in the mouse
serum for 18 days. (f) Cell viability of CT26 cells after treatment with CNPs or PP-CNPs for 48 h.

the EPR effect in different tumor-bearing mice [42,43]. To assess the
biocompatibility of the nanoparticles, the viability of CT26 colon tumor
cells and H9C2 normal cells was evaluated after treatment with CNPs or
PP-CNPs for 48 h, showing no significant cytotoxicity (Fig. 1f and S6).
These results indicate that the introduction of PP molecules did not
affect the biocompatibility of the CNPs. Collectively, these character-
ization results demonstrate that the PP-CNPs with 10 wt% PP have
suitable physicochemical characteristics to enhance target accessibility
via the nanoparticle-derived EPR effect and efficiently promote PD-L1
multivalent binding for effective cancer immunotherapy.

2.2. Cellular binding and uptake of PP-CNPs in mGFP-tagged PD-L1-
expressing tumor cells

PD-L1-mediated cellular binding and uptake of PP-CNPs were
assessed in the PD-L1-overexpressing colon tumor cell line, CT26 [44].
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To efficiently track the PP-CNPs in tumor cells, mGFP-CT26 cells that are
prepared by transfection with lentiviral particles encoding mGFP-tagged
PD-L1 were used for in vitro experiments. Homogeneous expression of
mGFP-tagged PD-L1 (green color) in the cells was confirmed by flow
cytometry and fluorescence imaging (Fig. S7). First, mGFP-CT26 cells
were treated with PP-CNPs (0.067 pM based on PP) or anti-PD-L1 mAbs
(PD-L1 Ab, 0.067 uM), labeled with the near-fluorescence dye Cy5.5, at
4 °C for 1 h and washed with PBS to remove unbound PP-CNPs or PD-L1
Ab to PD-L1. Then, the cells were further incubated at 37 °C for 24 h to
investigate the cellular binding and uptake mechanism of PP-CNPs in
comparison to PD-L1 Ab (Fig. 2). Both Cy5.5-labeled PP-CNPs and PD-L1
Ab (red color) were observed on the cell surface with strong
co-localization (white arrow; orange color) to PD-L1 (green color)
immediately after incubation. In the case of PD-L1 Ab, the orange color
of the PD-L1 Ab/PD-L1 complexes was mainly observed on the cell
membrane within 3 h post-incubation, and small amounts of these
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Fig. 2. Cellular binding and uptake of PP-CNPs. White dotted circles are the outer lines to show the morphology and boundary of cells. (a) The cellular binding
and uptake of PD-L1 Ab in mGFP-tagged PD-L1-expressing CT26 (mGFP-CT26) cells. (b) Quantitative analysis for the amount of PD-L1 Ab in the mGFP-CT26 cells
after treatment. (c¢) The cellular binding and uptake of PP-CNPs in mGFP-CT26 cells. (d) Quantitative analysis for the amount of PP-CNPs in the mGFP-CT26 cells
after treatment. (e) The cellular binding and uptake of PP-CNPs after 1 h of treatment at 4 °C in the CT26 cells pre-treated with PD-L1 Ab or PP to block the PD-L1 on

the cell surface.

complexes were internalized into the cells (Fig. 2a). Then, a large
amount of PD-L1 Ab/PD-L1 complexes (orange color) was internalized
into cells after 6 h of incubation, wherein only a small amount of PD-L1
(green color) was observed on the cell membrane. Importantly, the
PD-L1 Ab/PD-L1 complexes were rapidly dissociated at 12 h
post-incubation because they collapse more easily than the PD-L1/PD-1
axis [45]. This is also attributable to that the dissociation rate of PD-L1
Ab from PD-L1 is significantly accelerated in the acidic endosome [46].
In addition, PD-L1 Abs on the cell surface or cytoplasm were greatly
reduced due to the extensive lysosomal degradation, thus PD-L1
regeneration was clearly observed on the cell membrane after 12 h of
incubation. Quantitatively, PD-L1 in the cells was repopulated within
24 h of PD-L1 Ab treatment because most PD-L1 Ab (>90%) was
removed from the cells at 12 h post-incubation (Fig. 2b). We assumed
that this recycling mechanism of endocytosed PD-L1 significantly re-
duces the therapeutic efficacy of PD-L1 Abs in cancer immunotherapy
[10].

In contrast, a large amount of PP-CNP/PD-L1 complex (orange color,
white arrow) was rapidly internalized into the cytoplasm of tumor cells
within 1 h post-incubation via nanoparticle-mediated endocytosis, with
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approximately 90% of the PP-CNPs internalized into the cells (Fig. 2c).
Then, most PP-CNP/PD-L1 complexes were sustainably localized in the
cytoplasm for 24 h, indicating that their stable complex structure was
maintained in the cytoplasm owing to the strong binding affinity
attributed to the PD-L1 multivalent binding. These results indicate that
multivalent binding of PP-CNPs with PD-L1 receptors can significantly
enhance the internalization of PP-CNP/PD-L1 complexes in the cyto-
plasm compared with the monovalent binding of PD-L1 Ab [47]. Inter-
estingly, over 80% of PP-CNPs was retained in the cytoplasm after 24 h
of incubation, resulting in a significant decrease in PD-L1 expression
levels to 11% compared with 0 h of incubation (Fig. 2d). As a control,
CNPs in the absence of PP showed only a small cellular uptake compared
with PP-CNPs at 4 °C for 1 h (Fig. S8). Finally, 1 h pre-treatment with
anti-PD-L1 Ab or PP to competitively block PD-L1 on the cell surface
significantly decreased the intrinsic cellular binding of PP-CNPs to 10%
levels, which was similar to that of CNPs alone immediately after in-
cubation (Fig. 2e). These in vitro results demonstrate the PD-L1-specific
binding and uptake of PP-CNPs, and their complexes with PD-L1 show
high stability due to multivalent binding, thereby internalizing rapidly
into the tumor cells via PD-L1 receptor-mediated endocytosis [48].
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2.3. Lysosomal PD-L1 degradation and T cell-mediated antitumor
immune responses by PP-CNPs

Next, we evaluated whether PP-CNPs could induce lysosomal inter-
nalization of PD-L1 after multivalent binding-mediated endocytosis
(Fig. 3a). When mGFP-CT26 cells treated with PP-CNPs (0.067 pM based
on PP) were incubated at 37 °C, the internalized PP-CNPs (red color)/
PD-L1 (green color) complexes migrated to the lysosomes (magenta
color) over time in the cytoplasm (Fig. 3b and S9). Co-localization
(white arrow; white color) of lysosomes (magenta color), PD-L1 (green
color) and PP-CNPs (red color) was clearly observed in the cells, indi-
cating that PP-CNPs entered the lysosomes while maintaining PD-L1
multivalent binding. Importantly, most PP-CNP/PD-L1 complexes
were mainly localized in lysosomes at 12 h post-incubation, wherein PD-
L1 proteins were irreversibly degraded in the cells. The percentage of
PP-CNP/PD-L1 complexes observed in lysosomes gradually increased
from 32.11% to 71.12% for 12 h of incubation (Fig. S9). In contrast,
more than 90% of the PD-L1 Ab (red color)/PD-L1 (green color) com-
plexes was located in the cell membrane, and 10% of complexes (orange
color) was internalized into the cytoplasm after 3 h of incubation,
wherein their co-localization (white arrow) with lysosomes (magenta
color) was observed (Fig. 3c and S9). Then, internalization of PD-L1 Ab
(red color) gradually increased in CT26 cells for 6 h post-incubation, but
only 18% of PD-L1 Ab/PD-L1 complexes (white arrow) was localized in
lysosomes. These results indicate that PD-L1 Ab/PD-L1 complexes are
easily dissociated, and those dissociation rates of PD-L1 Ab from PD-L1
is significantly accelerated in the acidic endosome [40]. After 12 h of
incubation, less than 5% of PD-L1 Ab/PD-L1 complexes were observed
in the lysosomes in cells, with only a few co-localizations with lysosomes
(Fig. S9). This is because subcellular trafficking of PD-L1 is prone to
target recycling endosomes instead of lysosomes after binding to PD-L1
Ab [9]. These fluorescence imaging results confirm that PP-CNPs effi-
ciently bias the subcellular trafficking of PD-L1 to the lysosomes instead
of recycling endosomes via PD-L1 multivalent binding-mediated
endocytosis.

Effective lysosomal PD-L1 degradation by nanoparticle-derived PD-
L1 multivalent binding was evaluated in mGFP-CT26 cells after treat-
ment with PP (0.067 uM), PD-L1 Ab (0.067 uM) or PP-CNPs (0.067 pM
based on PP) at 37 °C for 72 h. In the case of the cells treated with PD-L1
Ab, PD-L1 (green color) was significantly decreased on the cell surface
until 6 h after incubation, but it was rapidly recycled and repopulated
from 12 h post-incubation (Fig. 3d). These results show that PD-L1 Ab-
induced PD-L1 blockade results in PD-L1 recycling owing to its subcel-
lular trafficking to target the recycling endosome and rapid repopulation
after the dissociation of PD-L1 Ab from PD-L1. In contrast, PP-CNP-
treated mGFP-CT26 cells showed durable PD-L1 degradation, wherein
approximately 90% of PD-L1 disappeared from the cells after 24 h of
treatment (Fig. S10a). The effective PD-L1 degradation by PP-CNPs is
attributable to a multivalent binding-mediated endocytosis that detours
PD-L1 to the lysosomes instead of recycling endosomes, as shown in
Fig. 2 [14]. As a control, the patterns of PD-L1 expression in mGFP-CT26
cells treated with PP were similar to those treated with PD-L1 Ab, but
their effects were significantly weak due to relatively low binding af-
finity (Fig. S10b). A significant decrease in the cellular abundance of
PD-L1 by multivalent binding-mediated degradation was further
confirmed by western blot analysis. After 48 h of treatment with PP
(0.067 pM), PD-L1 Ab (0.067 pM) or PP-CNPs (0.067 uM based on PP),
CT26 cells showed a significantly downregulated levels of PD-L1 to 12.2
+ 0.75% and 14.2 + 1.3% after 48 h of treatment with PP-CNPs
compared to the PP and PD-L1 Ab, respectively (Fig. 3e and S11).

Next, we assessed the effects of PP-CNPs to reinvigorate T cell ac-
tivity via lysosomal PD-L1 degradation by exploiting co-culture assays.
For these analyses, the CD8™ T cells were isolated from the spleen and
lymph nodes of BALB/c mice and activated with the anti-CD28 antibody
on the culture plate coated with the anti-CD3 antibody. When the CT26
cells (1 x 10% red color) pre-treated with PP-CNPs (0.067 pM based on
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PP) or PD-L1 antibody (0.067 pM) were co-cultured with CD8"' T cells (5
x 10 green color) for 2 h at 37 °C, the number of CD8" T cells was
significantly increased compared with those co-cultured with naive
CT26 cells owing to T cell proliferation by target recognition (Fig. 3f).
Notably, many CD8" T cells (white arrow) were strongly bound to PP-
CNP-treated CT26 cells compared with naive or PD-L1 Ab-treated
CT26 cells. This is attributable to the enhanced blockade of PD-1/PD-L1
interactions by efficient lysosomal PD-L1 degradation of PP-CNPs.
Hence, co-culture with CT26 cells treated with PP-CNPs significantly
upregulated CD8" T cell proliferation, wherein the percentages of
proliferating T cells increased 6.01-6.23-fold and 1.67-1.92-fold
compared with those co-cultured with naive or PD-L1 Ab-treated CT26
cells (Fig. 3g and h). In addition, IFN-y secretion from activated T cells to
the culture medium was also increased 12.43-12.83-fold and 2.21-2.4-
fold compared with the control and PD-L1 Ab groups, respectively
(Fig. 3i). As a result, tumor cell lysis was significantly elevated after
treatment of CT26 cells with PP-CNPs compared with PD-L1 Ab when
CT26 cells were co-cultured with CD8™ T cells at a 1:5 (target to effector)
ratio (Fig. 3j). Finally, higher expression of CD107a on CD8™ T cells was
clearly observed after co-culture with the CT26 cells treated with PP-
CNPs than those treated with PD-L1 Ab, which indicates T cell degran-
ulation by target recognition (Fig. 3k and S12). These in vitro experi-
ments verify that PP-CNPs effectively promote durable lysosomal PD-L1
degradation via PD-L1 multivalent binding and subsequently block PD-
1/PD-L1 interactions, thereby enhancing T cell-mediated antitumor
immune responses.

2.4. Invivo tumor targeting and therapeutic efficacy of PP-CNPs in colon
tumor models

The tumor targeting of PP-CNPs was assessed in colon tumor models,
which were prepared via subcutaneous inoculation of 1 x 10° CT26 cells
into the left flank of BALB/c mice. When the tumor volumes were
approximately 200 mm?, an equivalent dose (10 mg/kg) of PP-CNPs,
CNPs, PD-L1 Ab or PP was intravenously injected into the mice. In
terms of the amount of anti-PD-L1 ligands, ten times more PP compared
to PP-CNPs were administered into mice owing to its poor tumor tar-
geting and instability by extensive proteolysis. In addition, the
maximum dose of PD-L1 Ab and PP-CNPs without any severe toxicity
were intravenously injected into CT26 tumor-bearing mice. For non-
invasive near-infrared fluorescence (NIRF) imaging, all samples were
chemically labeled with the fluorescent dye Cy5.5. NIRF imaging
showed poor tumor targeting and rapid clearance of Cy5.5-PP in CT26
tumor-bearing mice within 24 h by extensive proteolytic cleavage and
short half-lives of the peptide structure (Fig. 4a) [49]. In contrast,
Cy5.5-PD-L1 Ab-treated mice showed a slowly increased bright fluo-
rescence signals in tumor tissues (black dotted circle) and reached its
highest fluorescence intensities after 72 h of injection owing to large
molecular weight and high affinity of PD-L1 Ab to PD-L1 receptors in
targeted tumor tissues. As a positive control, Cy5.5-CNPs showed
considerable tumor-targeting ability via nanoparticle-derived passive
targeting, wherein the CNPs accumulated within the tumor tissues were
sustainably retained for 72 h. CNPs have shown considerable
tumor-targeting abilities in many preclinical studies owing to the EPR
effect [31-33]. This substantial EPR effect of CNPs could be determined
by ideal physicochemical properties, such as stability in serum, high
deformability, prolonged circulation time in the blood, reduced reticu-
loendothelial system (RES) clearance, and fast cellular uptake into
tumor cells [20]. In particular, Cy5.5-PP-CNPs highly accumulated in
the tumor tissues within 6 h post-injection, and the bright NIRF signals
of PP-CNPs in tumor tissues gradually increased up to 72 h, showing
excellent tumor-targeting ability compared with PP, PD-L1 Ab and
CNPs. Quantitatively, the tumor targeting efficiency of PP-CNPs was
20.07-20.88-fold, 5.92-6.21-fold and 2.23-2.7-fold higher than that of
PP, PD-L1 Ab and CNPs, respectively (Fig. 4b). This suggests that tumor
accumulation of PP-CNPs can be derived from both passive targeting
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Fig. 3. Lysosomal PD-L1 degradation and T cell-mediated antitumor immune responses by PP-CNPs. (a) Schematic illustration showing multivalent binding-
mediated lysosomal PD-L1 degradation by PP-CNPs. (b, ¢) Lysosomal localization of (b) PP-CNPs and (c) PD-L1 Ab after binding with PD-L1 in the mGFP-CT26 cells.
The lysosomes were labeled with LAMP1-RFP fusion constructs. White dotted circles are the outer lines to show the morphology and boundary of cells. (d) Expression
of PD-L1 in the mGFP-CT26 cells after treatment with PP-CNPs or PD-L1 Ab at 37 °C. (e) PD-L1 expression in mGFP-CT26 cells after treatment with PP-CNPs or PD-L1
Ab, as confirmed via western blot analysis. (f) Photographs and fluorescence images of CD8" T cells co-cultured for 2 h with CT26 cells pre-treated with PP-CNPs or
PD-L1 Ab. (g) T cell proliferation assays after 2 h of co-culture with CT26 cells pre-treated with PP-CNPs or PD-L1 Ab. (h) Quantitative analysis for the proliferating T
cells after co-culture with CT26 cells pre-treated with PP-CNPs or PD-L1 Ab. (i) The amount of IFN-y in the culture medium, (j) the levels of tumor cell lysis, and (k)
CD107a exposure on T cells, after co-culture of CD8" T cells with CT26 cells pre-treated with PP-CNPs or PD-L1 Ab. Significance was determined by Tukey—Kramer
post-hoc test.
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Fig. 4. In vivo tumor targeting and therapeutic efficacy of PP-CNPs in colon tumor models. (a) Noninvasive NIRF images of CT26 tumor-bearing mice treated
with PP (anti-PD-L1 peptide), PD-L1 Ab, CNPs or PP-CNPs. (b) Quantitative analysis for the average fluorescence intensities in the tumor regions of NIRF images. (c)
NIRF image of major organs and tumor tissues collected from mice treated with PD-L1 Ab or PP-CNPs after 72 h of injection. (d) Fluorescence images of tumor tissues
from mice treated with PD-L1 Ab or PP-CNPs after 72 h of injection. (e) Tumor tissues stained with GFP fluorescent dye-conjugated anti-PD-L1 antibody after 72 h of
treatment with PP, PD-L1 Ab, CNPs or PP-CNPs. (f) Tumor growth curves of CT26 tumor-bearing mice during treatment with PP, PD-L1 Ab, CNPs or PP-CNPs once
every three days. (g-i) The population of (g) cytotoxic T cells (CD45"CD3"CD8") and (h) regulatory T cells (CD45"CD3"CD4"CD25™), and (i) ratio of cytotoxic T
cells to regulatory T cells in the tumor tissues, after 10 days of treatment. Significance was determined by Tukey—Kramer post-hoc test.
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and PD-L1-mediated active targeting mechanisms, which can lead to
high target accessibility.

The ex vivo fluorescence imaging of major organs and tumors further
confirmed a significantly high tumor accumulation of PP-CNPs after 72
h of injection, wherein the fluorescence intensity in tumor tissues was
18.31-18.77-fold, 5.31-5.99-fold and 1.71-1.79-fold higher than that of
PP, PD-L1 Ab and CNPs, respectively (Fig. 4c and S13). In addition, PP-
CNPs showed very low accumulation in normal organs, preventing non-
specific drug delivery. Immunohistochemistry (IHC) showed a high
accumulation of PP-CNPs (red color) in the whole area of the tumor
tissues at 72 h post-injection, indicating that they could penetrate deep
tumor tissues and remain in tumor tissues for 3 days (Fig. 4d and S14). In
contrast, significantly less amounts of PP (5.52-5.77%) and PD-L1 Ab
(18.32-20.06%) were observed in the extracted tumor tissues compared
to PP-CNPs. As a positive control, CNPs showed considerable accumu-
lation in targeted tumor tissues owing to their passive targeting ability.
Based on these in vivo experiments, we confirmed that PP-CNPs, a new
all-in-one nanoparticle for drug delivery, are highly accumulated in
targeted tumor tissues via both passive and PD-L1-mediated active tar-
geting. Notably, histological analyses also showed significantly lower
PD-L1 expression (green color) in the tumor tissues from mice treated
with PP-CNPs than in other treatment groups, thereby demonstrating
effective in vivo PD-L1 degradation (Fig. 4e). In contrast, PP- or PD-L1
Ab-treated mice induced weak PD-L1 downregulations because of
their poor tumor-targeting ability in CT26 tumor-bearing mice. As a
control, tumor tissues from mice treated with CNPs showed PD-L1
expression levels that were comparable to those of the saline group.
Effective in vivo PD-L1 degradation by multivalent binding was further
investigated via western blot analysis (n = 3), wherein the levels of PD-
L1 expression in tumor tissues were significantly downregulated to 26.7
+ 0.91% and 39.3 + 1.07% after 72 h of treatment with PP-CNPs
compared with PP and PD-L1 Ab, respectively (Fig. S15). In addition,
the effects of multivalent binding-mediated lysosomal PD-L1 degrada-
tion of PP-CNPs were also observed in the tumor-associated immune
cells. The population of PD-L1-positive DCs (CD11c*PD-L1") and mac-
rophages (F4/807PD-L1") within tumor tissues was significantly
downregulated in PP-CNPs group, compared to other groups after 72 h
of injection (Fig. S16). These results indicate that PP-CNPs efficiently
promote the multivalent binding-mediated degradation of PD-L1 over-
expressed on tumor tissue-associated DCs and macrophages that play an
important role in immunosuppression [50]. Taken together, PP-CNPs
efficiently accumulate within the tumor tissues via passive and active
targeting for target access and promote effective in vivo PD-L1
degradation.

Next, the therapeutic efficacy and antitumor immune response of PP-
CNPs were assessed in colon tumor models. The mice were randomly
divided into five groups when the tumor volumes were approximately
60-80 mm?; saline or 10 mg/kg of PP, PD-L1 Ab, CNPs or PP-CNPs were
then intravenously injected into the mice once every 3 days. As ex-
pected, the mice treated with PP-CNPs (545.3 + 127.8 mms) exhibited
significantly delayed tumor growth on day 16 after treatment compared
with saline (1850.51 + 141.55 mm?®), PP (1411.61 + 145.61 mm®), PD-
L1 Ab (1102.41 + 301.51 mm3) and CNPs (1803.88 + 190.35 mm3)
groups (Fig. 4f). The low therapeutic efficacy of PD-L1 Ab and PP is due
to their undesirable biodistribution, lower tumor-targeting ability and
the recycling mechanism of PD-L1 proteins in targeted tumor cells [9].
To evaluate the antitumor immune responses to each treatment, the
cytotoxic T cells (CD457CD37CD8") and regulatory T cells (Treg;
CD37CD47CD25") in the tumor tissues were assessed on day 10 after
treatment. As expected, the cytotoxic T cell proportions in the tumor
tissues were 2.41-2.44-fold, 1.81-1.88-fold, 1.47-1.5-fold and
2.31-2.36-fold higher in the PP-CNPs group than in the saline, PD-L1
pep, PD-L1 Ab and CNPs groups, respectively (Fig. 4g and S17a). This
is attributable to the effective PD-L1 degradation by PD-L1 multivalent
binding of PP-CNPs, which enhances the target recognition and activity
of T cells, resulting in an increase in tumor-infiltrating cytotoxic T cells.
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In contrast, the proportion of Tregs in the tumor tissues was significantly
lower in the PP-CNPs group than in the other groups (Fig. 4h and S17b).
Consequently, tumors from mice treated with PP-CNPs recruited a large
number of tumor-infiltrating cytotoxic T cells and excluded Tregs,
resulting in an increased ratio of cytotoxic T cells to Tregs (Fig. 4i).

2.5. Preparation of all-in-one DOX-PP-CNPs for synergistic
immunotherapy

Effective PD-L1 degradation by PD-L1 multivalent binding of PP-
CNPs was clearly evaluated in vitro and in vivo. Thus, we hypothesized
that loading DOX into PP-CNPs would induce potent synergistic
immunotherapy to promote ICD and PD-L1 degradation (Fig. 5a). This
new all-in-one nanoparticle system can overcome the fundamental
problems of the most promising approach in the clinic, such as the se-
vere off-target toxicity of anticancer drugs and anti-PD-L1 mAbs in
normal tissues. ICD-inducing DOX was physically loaded into PP-CNPs
using a simple dialysis method, wherein 10.2 + 0.07 wt% of DOX
with 51 + 0.35% loading efficiency was successfully loaded into the
hydrophobic cores of the nanoparticles. The DOX-PP-CNPs showed a
spherical nanoparticle structure with an average size of 208.3-231.7 nm
similar to that of PP-CNPs in aqueous conditions (Fig. 5b and S18). In
addition, DOX-PP-CNPs maintained their nanoparticle size in mouse
serum for 10 days (Fig. 5¢c and S19). In contrast to free DOX rapidly
released out from cellulose membranes (MWCO: 100 kDa) within 6 h of
incubation, DOX-PP-CNPs and DOX-CNPs showed similar delayed drug
release profiles with approximately 80% of DOX released from both
nanoparticles within 72 h of incubation (Fig. 5d). This is because free
DOX molecules are released very slowly from the hydrophobic inner
cores of CNPs [51]. As a result, the cytotoxicity of DOX-PP-CNPs and
DOX-CNPs was similar in CT26 cells after 48 h of treatment, which was
slightly reduced compared with free DOX (Fig. 5e). The PP-CNPs showed
a significantly high cellular uptake at 4 °C after removal with 1 h
post-incubation compared to CNPs owing to PD-L1 binding mechanism
as shown in Fig. 2c and S8. However, the amount of both nanoparticles
in CT26 cells after 48 h of treatment at 37 °C was nearly similar because
CNPs also have intrinsically high cellular uptake via micropinocytosis,
clathrin- and caveolae-mediated endocytosis (Fig. S20) [52]. Therefore,
the cytotoxicity by intracellular DOX delivery of PP-CNPs and CNPs was
nearly similar owing to their comparable cellular uptake and delayed
drug release profile.

Next, ICD in CT26 cells induced by DOX release from DOX-PP-CNPs
was evaluated by measuring DAMPs, such as calreticulin (CRT)
expression on the cell surface and extracellular release of high mobility
group box 1 (HMGB1) and adenosine triphosphate (ATP). The CRT in
the cells was analyzed by fluorescence imaging after 48 h of treatment.
The CRT expression levels on the CT26 cell surface were similar when
they were treated with equivalent DOX concentrations (1 pM) of free
DOX (6.01 + 0.55-folds compared to naive cells), DOX-CNPs (6.67 +
0.72-folds) or DOX-PP-CNPs (7.17 + 0.79-folds; Fig. 5f). In addition,
CT26 cells released similar levels of HMGB1 and ATP after treatment
with free DOX (3.15 + 0.41-folds and 3.78 =+ 0.37-folds of HMGB1 and
ATP compared to naive cells, respectively), DOX-CNPs (2.77 + 0.28-
folds and 3.54 + 0.14-folds) or DOX-PP-CNPs (3.33 4+ 0.51-folds and
3.48 + 0.14-folds) for 48 h (Fig. 5g). As a control, treatment with PP-
CNPs in absence of DOX did not induce an ICD in CT26 cells, showing
a similar expression of CRT, HMGB1 and ATP compared to naive cells.
We further performed co-culture assays to demonstrate that DAMPs
expression in tumor cells by DOX-PP-CNPs result in DC maturation to
promote tumor-associated antigen presentation for cytotoxic T cell
activation. For these studies, CT26 cells were treated with equivalent
DOX concentrations (1 pM) of free DOX, DOX-CNPs and DOX-PP-CNPs
for 48 h, followed by an additional incubation of the cell culture me-
dium containing DAMPs released from dying cells with lymphocytes
from BALB/c mice for 2 h (Fig. 5h). Importantly, the proportion of
mature DCs (CD11¢"CD407CD86™) in the lymphocytes was similar in
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Fig. 5. Preparation of all-in-one DOX-PP-CNPs for synergistic immunotherapy. (a) Schematic illustration showing structure of all-in-one nanoparticles, DOX-
PP-CNPs. (b) Size distribution and morphology of DOX-CNPs and DOX-PP-CNPs, as confirmed via DLS and TEM, respectively. (c) Stability of DOX-CNPs and DOX-PP-
CNPs in the mouse serum for 10 days. (d) DOX release profiles of DOX-CNPs and DOX-PP-CNPs. Free DOX, DOX-CNPs and DOX-PP-CNPs were loaded into inner
space of cellulose membranes (MWCO: 100 kDa) in PBS (pH 7.4) containing 0.1% Tween 80. Then, the amount of free DOX leaked to outer membrane was measured
using UV-vis spectrometer at 480 nm wavelength. (e) The viability of CT26 cells treated with free DOX, DOX-CNPs or DOX-PP-CNPs for 48 h. (f) Fluorescence images
and flow cytometry results (n = 3) of CT26 cells stained with anti-CRT antibody after treatment with PP-CNPs or an equivalent DOX concentration (1 pM) of free

DOX, DOX-CNPs or DOX-PP-CNPs for 48 h. (g) The amount of HMGB1

and ATP released from CT26 cells treated with PP-CNPs or an equivalent DOX concentration

(1 pM) of free DOX, DOX-CNPs or DOX-PP-CNPs for 48 h. (h) Schematic illustration to explain the protocol of co-culture assays. (i) Percentage of mature DCs
(CD11c¢"CD40%CD86™) and cytotoxic T cells (CD457CD3"CD8™) in lymphocytes after co-culture with culture medium containing DAMPs released from CT26 cells
treated with PP-CNPs, free DOX, DOX-CNPs or DOX-PP-CNPs for 48 h. (j) Relative amount of IFN-y in the culture medium after co-culture of lymphocytes with CT26

cells treated with PP-CNPs, free DOX, DOX-CNPs or DOX-PP-CNPs for

48 h. Significance was determined by Tukey—Kramer post-hoc test.
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the free DOX, DOX-CNPs and DOX-PP-CNPs groups, whereas that of
cytotoxic T cells (CD457CD3"CD8") was significantly higher in the
DOX-PP-CNPs group (Fig. 5i and S21). This indicates that the effects of
DOX-PP-CNPs in promoting DC maturation by inducing DAMPs in tumor
cells were similar to those of free DOX and DOX-CNPs, but the prolif-
eration of cytotoxic T cells was significantly upregulated owing to their
increased target recognition by multivalent binding-mediated PD-L1
degradation. Accordingly, IFN-y released from T cells into the co-culture
medium was also elevated due to the high activity of cytotoxic T cells
after co-culture with CT26 cells treated with DOX-PP-CNPs compared
with other treatments (Fig. 5j). As a control, there are no significant
changes in DC maturation, T cell proliferation and IFN-y release from T
cells after lymphocytes were co-cultured with CT26 cells treated with
PP-CNPs.
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2.6. Effective synergistic immunotherapy by DOX-PP-CNPs in CT26
tumor-bearing mice

The in vivo enhanced therapeutic efficacy and antitumor immune
responses by synergistic immunotherapy of DOX-PP-CNPs were evalu-
ated in CT26 tumor-bearing mice. The mice were randomly divided into
five groups: (i) saline, (ii) free DOX (1 mg/kg), (iii) DOX-CNPs (1 mg/kg
based on DOX content), (iv) DOX-CNPs plus PD-L1 Ab (10 mg/kg), and
(v) DOX-PP-CNPs (1 mg/kg based on DOX content). Each drug was
intravenously injected into the mice once every 3 days, and PD-L1 Ab
was simultaneously administered with DOX-CNPs via intravenous in-
jection. As expected, the tumor growth of mice was significantly
inhibited after 10 days of treatment with DOX-PP-CNPs (124.6 + 63.4
mms) compared with saline (1860.36 + 381.55 mm3), free DOX
(1066.95 + 89.61 mma), DOX-CNPs (405.98 + 19.96 mm®) and DOX-
CNPs plus PD-L1 Ab (206.99 + 84.5 mmg), which is attributable to

the synergistic effect of multivalent binding-mediated PD-L1
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Fig. 6. Effective synergistic immunotherapy by DOX-PP-CNPs in CT26 tumor-bearing mice. (a) Tumor growth curves of CT26 tumor-bearing mice during
treatment with free DOX, DOX-CNPs, DOX-CNPs plus PD-L1 Ab or DOX-PP-CNPs once every three days. (b) Tumor tissues stained with TUNEL after 10 days of
treatment. (c¢) Mice survival during treatment. (d) Tumor tissues stained with anti-CRT or anti-HMGB1 antibodies after 10 days of treatment. (e) The population of
PD-L1-positive tumor cells (CD45 PD-L17) in the tumor tissues after 10 days of treatment. The population of (f) mature DCs (CD11c"CD80™) and (g) cytotoxic T cells
(CD45"CD3"CD8™) in the tumor tissues after 10 days of treatment. (h) The population of regulatory T cells (CD45"CD3"CD4"CD25") in the tumor tissues after 10
days of treatment. Right panel show the tumor tissues stained with anti-CD25 antibody. (i) The amount of IFN-y in the tumor supernatants after 10 days of treatment.

Significance was determined by Tukey—Kramer post-hoc or log-rang (c) tests.
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degradation and the potent DOX-mediated ICD (Fig. 6a and S22a). for analysis of immune responses within the tumor tissues. The tumor
Notably, a high rate of complete tumor regression (CR: 60%) was tissues stained with TUNEL or H&E revealed considerably elevated
observed in mice treated with DOX-PP-CNPs compared to that in the apoptosis with structural abnormalities in the mice treated with DOX-
other groups; tumor growth of three mice that experienced complete PP-CNPs than in other treatment groups (Fig. 6b, S22b and S22c). As
tumor regression among the five mice in DOX-PP-CNPs was observed for a result, the median survival of mice treated with saline, free DOX, DOX-

60 days, and other two mice were sacrificed on day 20 after treatment CNPs or DOX-CNPs plus PD-L1 Ab was determined to be 10, 15, 26 and
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Fig. 7. Metastatic tumor inhibition by synergistic inmunotherapy of DOX-PP-CNPs. (a) NIRF images of metastatic tumor models treated with DOX-CNPs or PP-
DOX-CNPs for 72 h. (b) NIRF images of pulmonary tumor tissues of metastatic tumor models treated with DOX-CNPs or PP-DOX-CNPs for 72 h. Right panel show the
quantitative analysis for fluorescence intensities of DOX-CNPs or PP-DOX-CNPs in the pulmonary tumor tissues. (¢) Metastatic tumor growth monitored by biolu-
minescence imaging during treatment with free DOX, DOX-CNPs or DOX-PP-CNPs once every three days. (d) The average bioluminescence flux in the metastatic
tumor region in the mice. (e) Ex vivo bioluminescence imaging and the average bioluminescence flux in pulmonary tumor tissues after 5 days of treatment. (f)
Analysis of pulmonary tumor metastasis after 5 days of treatment. The metastatic tumor nodules were observed by photographing and staining with H&E. (g)
Pulmonary tumor tissues stained with anti-CD8 or anti-CD25 antibodies after 5 days of treatment. (h) Weight of lung tissues collected from metastatic tumor models
after 5 days of treatment. (i) Mice survival during treatment (n = 5). Significance was determined by Tukey—Kramer post-hoc (b, e and h) or log-rank (i) tests.
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40 days, respectively, and the mice died due to tumor progression
(Fig. 6¢). In contrast, mice treated with DOX-PP-CNPs survived for over
60 days with significantly suppressed tumor growth.

To analyze antitumor immune responses, tumor tissues were
collected from mice to assess the DAMP expression and the proportion of
tumor-infiltrating lymphocytes on day 10 after treatment. First, tumor
tissues from mice treated with DOX-PP-CNPs showed significantly
upregulated CRT expression (red color) with reduced HMGB1 (green
color) as a result of extracellular release compared to the other groups
(Fig. 6d and S23). These high DAMP expressions are attributed to potent
ICD by effective DOX delivery based on passive and active targeting of
DOX-PP-CNPs. Treatment with free DOX or DOX-CNPs resulted in the
negative feedback of abundant PD-L1 expression, whereas tumor tissues
from the DOX-CNPs plus PD-L1 Ab group showed decreased PD-L1
expression compared with the free DOX and DOX-CNPs groups
(Fig. 6e). Most importantly, DOX-PP-CNPs significantly downregulated
chemotherapy-induced PD-L1 overexpression by promoting multivalent
binding-mediated PD-L1 degradation, wherein the tumor tissues
revealed a lower PD-L1 expression compared with all other groups. As a
result, the proportion of mature DCs and cytotoxic T cells in the tumor
tissues was 1.8-1.88-fold and 2.31-2.4-fold, 1.53-1.61-fold and
1.61-1.68-fold, 1.43-1.49-fold and 1.52-1.55-fold, and 1.21-1.24-fold
and 1.35-1.38-fold higher in mice treated with DOX-PP-CNPs than in
those treated with saline, free DOX, DOX-CNPs and DOX-CNPs plus PD-
L1 Ab, respectively (Fig. 6f and g). These results indicate that DOX-PP-
CNPs elicit a potent ICD in tumor cells to promote DC maturation for
cross presentation of tumor-associated antigens to T cells owing to a
synergistic DOX delivery and multivalent binding-mediated PD-L1
degradation. In contrast, the proportion of Tregs in the tumor tissues was
significantly downregulated in the DOX-PP-CNPs groups, resulting in an
increase in the ratio of cytotoxic T cells to Tregs (Fig. 6h and S24).
Finally, the high activity of cytotoxic T cells in the tumor tissues in the
DOX-PP-CNPs group was confirmed by measuring the elevated quanti-
ties of IFN-y released from activated T cells in the tumor microenvi-
ronment (Fig. 6i). These findings demonstrate the superior antitumor
efficacy of synergistic immunotherapy owing to ICD and multivalent
binding-mediated PD-L1 degradation, via the CNPs.

2.7. Metastatic tumor inhibition by synergistic immunotherapy of DOX-
PP-CNPs

Finally, we investigated whether the synergistic immunotherapy of
DOX-PP-CNPs could effectively prevent tumor metastasis. Pulmonary
metastatic tumor models were prepared by intravenous injection of 1 x
10° luciferase-expressing CT26 cells into BALB/c mice. First, the high
metastatic tumor targeting of PP-DOX-CNPs was evaluated by NIRF
imaging, wherein a strong Cy5.5-fluorescent signals from the periphery
of the lungs were observed after 72 h of injection (Fig. 7a). Notably, ex
vivo NIRF imaging of lung tissues also showed significantly higher
fluorescence signals of Cy5.5 (Ex/Em:633/670, 1.66-1.73-fold) and
DOX (Ex/Em:530/590, 3.88-4.01-fold) in the PP-DOX-CNPs group than
in the DOX-CNPs group (Fig. 7b). These results indicate that DOX-PP-
CNPs efficiently delivered DOX to metastatic tumor tissues via passive
and active tumor targeting. To assess antitumor efficacy in the meta-
static tumor models, saline or equivalent doses (1 mg/kg based on DOX
content) of free DOX, DOX-CNPs or DOX-PP-CNPs were intravenously
injected into the mice once every 3 days. The antitumor efficacy of each
treatment was monitored using noninvasive bioluminescence imaging
(Fig. 7c and S25). As the control, saline-treated mice showed strong
bioluminescence signals on day 5, indicating rapid metastatic tumor
growth. Mice treated with free DOX or DOX-CNPs showed significantly
suppressed metastatic tumor growth compared with saline group after 5
days of treatment. However, treatment with free DOX and DOX-CNPs
resulted in significant progression of metastatic tumors on day 10
because their efficacy was insufficient to treat highly aggressive meta-
static tumors. In contrast, DOX-PP-CNPs effectively inhibited metastatic
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tumor growth for 15 days, wherein the bioluminescence intensity in the
mice treated with DOX-PP-CNPs was greatly decreased to 0.5-0.52%,
2.6-2.71% and 5.62-5.78% compared to those treated with saline, free
DOX and DOX-CNPs on day 5, respectively (Fig. 7d). Ex vivo imaging
further confirmed that metastatic tumor growth in the lung tissues of
mice treated with DOX-PP-CNPs was significantly inhibited than other
treatments on day 5 (Fig. 7e). In addition, we also observed significantly
reduced metastatic tumor nodules in the lung tissues of the DOX-PP-
CNPs group than in the other groups after 5 days of treatment; be-
sides, lung tissues stained with H&E showed superior effects of DOX-PP-
CNPs on inhibiting metastatic tumor growth, indicating a reduced
metastatic tumor region (black arrow; Fig. 7f). Finally, pulmonary
tumor tissues in the mice treated with DOX-PP-CNPs exhibited signifi-
cantly upregulated cytotoxic T cells (CD8; red color) with reduced Tregs
(CD25; green color), confirming potent synergistic immunotherapy of
PD-L1 degradation and ICD to prevent tumor metastasis (Fig. 7g). As a
result, DOX-PP-CNPs considerably reduced the weight of pulmonary
tumor tissues (213.2 + 20.18 mg) compared with saline (709.5 + 77.31
mg), free DOX (496.9 + 50.21 mg) and DOX-CNPs (383.7 + 38.11 mg),
thereby prolonging the survival of metastatic tumor models (Fig. 7h and
i). These findings demonstrate that DOX-PP-CNPs effectively inhibit
metastatic tumor growth via synergistic immunotherapy of PD-L1
degradation and ICD.

2.8. Toxicity study of DOX-PP-CNPs

The safety of DOX-PP-CNP treatment was assessed in BALB/c mice,
which were treated with (i) saline, (ii) free DOX (1 mg/kg), (iii) DOX-
CNPs (1 mg/kg based on DOX content), (iv) DOX-CNPs plus PD-L1 Ab
(10 mg/kg), or (v) DOX-PP-CNPs (1 mg/kg based on DOX content) once
every 3 days. The mice were treated as same protocol as described in
Fig. 6. First, free DOX-treated mice showed significant body weight loss
due to severe systemic toxicity, whereas no significant body weight
changes were observed in the mice treated with DOX-PP-CNPs or DOX-
CNPs compared with those treated with saline (Fig. 8a). Furthermore,
hematological and histological analyses were performed after 10 days of
treatment. The blood analyses showed severe cardiac, hepatic and renal
toxicities in free DOX-treated mice, as confirmed by significant changes
in the hematological parameters, including alanine transaminase (ALT),
aspartate aminotransferase (AST), creatinine kinase (CK) and blood urea
nitrogen (BUN; Fig. 8b and S26). In contrast, these parameters in the
DOX-PP-CNPs and DOX-CNPs groups were in normal range and similar
to in the saline group. The major organ tissues stained with H&E
exhibited extensive damaged areas (indicated as black arrows) in the
free DOX group, but only negligible structural abnormalities were
observed in major organs of mice treated with DOX-PP-CNPs or DOX-
CNPs (Fig. 8c). These toxicity studies indicate that DOX-PP-CNPs effi-
ciently minimize systemic toxicity via high tumor targeting with low
non-specific delivery of DOX.

2.9. Conclusion

In this study, we proposed a new all-in-one nanoparticle system of
DOX-PP-CNPs for synergistic immunotherapy combining lysosomal PD-
L1 degradation and ICD. DOX-PP-CNPs efficiently accumulated within
the tumor tissues via passive and active targeting. More importantly,
they promoted PD-L1 multivalent binding on the tumor cell surface,
detouring PD-L1 into the lysosomes instead of recycling endosomes. The
DOX-PP-CNPs internalized in the cells released DOX, which induced
potent ICD that led to DC maturation and T cell activation by high DAMP
expression. Meanwhile, PD-L1 multivalent binding of DOX-PP-CNPs
significantly decreased chemotherapy-induced PD-L1 overexpression
by promoting lysosomal PD-L1 degradation and preventing their recy-
cling. As a result, synergistic immunotherapy of PD-L1 degradation and
ICD disrupted the immune escape mechanism in tumor cells and
increased the activity of T cells by target recognition to enhance
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abnormalities. Significance was determined by Tukey—Kramer post-hoc test.

antitumor immune responses. Finally, we evaluated the superior effects
of DOX-PP-CNPs in inhibiting tumor growth in colon tumors and met-
astatic tumor models via a strong antitumor immune response. Collec-
tively, our findings suggest that rationally designed CNPs promote
synergistic immunotherapy of PD-L1 degradation and ICD providing a
new route for effective ICB therapy.

3. Materials and methods
3.1. Reagents

Glycol chitosan (Mw = 250 kDa; degree of deacetylation = 82.7%),
5B-cholanic acid, doxorubicin hydrochloride, 1-ethyl-3-(3-dimethylami-

nopropyl)-carbodiimide  hydrochloride @ (EDC) and N-hydrox-
ysuccinimide (NHS) were purchased from Sigma Aldrich (St. Louis, MO,
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USA). Bicylco[6.1.0]nonyne N-hydroxysuccinimide ester II (BCN-NHS)
was purchased from Berry & Associates (Dexter, MI, USA). Flamma 648
NHS ester was purchased from BioActs (Incheon, Republic of Korea).
Tem grid (Carbon Film 200 Mesh copper) was purchased from Electron
Microscopy Sciences (Hatfield, PA, USA). N-terminal azidoacetylated
PD-L1 binding peptide Asn-Tyr-Ser-Lys-Pro-Thr-Asp-Arg-GIn-Tyr-His-Phe
(Azidoacetyl-NYSKPTDRQYHF) was purchased from Peptron (Daejeon,
Republic of Korea). Cell counting kit-8 (CCK-8) was purchased from
Vitascientific (Beltsville, MD, USA). Anti-mouse calreticulin (cat#
ab196159) was purchased from Abcam (Hanam, Republic of Korea).
Cy5.5-conjugated PD-L1 antibody (Cy5.5-PD-L1 Ab) was purchased
from BioLegend (San Diego, CA, USA). Fluorescent dye-conjugated an-
tibodies against mouse CD45.2 (cat# 109828), mouse CD3 (cat#
100218), mouse CD8a (cat# 100712), mouse CD4 (cat# 100412),
mouse CD25 (cat# 126404), mouse PD-L1 (cat# 124312), mouse CD11c
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(cat# 117310), mouse F4/80 (cat# 123116) and red blood cell lysis
buffer (cat# 420301) were purchased from BioLegend (San Diego, CA,
USA). IFN-y Quantikine ELISA Kit (cat# SMIF00) and CD8" T cell col-
umn kit (cat# MCD8C-1000) were purchased from R&D system (Min-
neapolis, MN, USA). Tumor dissociation kit (cat# 130-096-730) and T
cell Activation/Expansion Kit (cat# 130-093-627) were purchased from
Miltenyi Biotechnoloy (Bergisch Gladbach, North Rhine-Westphalia,
Germany). Human Tagged ORF Clone Lentiviral Particle (mGFP-tag-
ged PD-L1) was purchased from ORIGENE (Rockville, MD, USA). CT26
(mouse colon cancer cells) was purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Fetal bovine serum (FBS),
streptomycin, penicillin and RPMI 1640 medium were purchased from
WELGENE Inc. (Daegu, Republic of Korea).

3.2. Preparation and characterization of glycol chitosan nanoparticles

First, glycol chitosan nanoparticles (CNPs) were prepared via
chemical conjugation of hydrophobic 58-cholanic acid to the primary
amine groups of glycol chitosan (GC). Briefly, 5p-cholanic acid (300 mg,
800 pmol), NHS (144 mg, 1.2 mmol), EDC (240 mg, 1.2 mmol) and GC
(1 g, 2 pmol) were dissolved in methanol/distilled water mixture (1:1 v/
v, 100 ml). The resulting solution was stirred at 37 °C for 12 h, followed
by dialysis for 2 days in methanol/distilled water mixture (1:3 v/v)
using a cellulose membrane (Molecular weight cut off (MWCO):
12,000-14,000). Then, the solution was further dialyzed for 2 days in
distilled water and lyophilized to yield 5p-cholanic acid-glycol chitosan
conjugates. The number of p-cholanic acid per one GC was measured by
a colloidal titration method and 'H NMR, wherein the final conjugates
had approximately 220 molecules of 5p-cholanic acids per GC.

For the conjugation of anti-PD-L1 peptide (NYSKPTDRQYHF), BCN
groups were additionally introduced in CNPs. Briefly, BCN-NHS (20 mg,
38 pumol) was dissolved in 1 ml of DMSO and added dropwise to the
CNPs (200 mg) in DMSO/distilled water mixture (1:9 v/v, 20 ml). The
reaction buffer was stirred at 37 °C for 48 h, dialyzed against distilled
water using a cellulose membrane (Molecular weight cut off
12,000-14,000) for 2 days, and lyophilized to obtain BCN-CNPs as a
white powder. Then, anti-PD-L1 peptide was conjugated to BCN-CNPs
via click chemistry reaction. The anti-PD-L1 peptide (20 mg, 12 pmol)
and BCN-CNPs (200 mg) were dissolved in 20 ml of DMSO. The reaction
buffer was stirred at 37 °C for 12 h, dialyzed against distilled water using
a cellulose membrane (MWCO: 12,000-14,000) for 2 days to remove the
unreacted peptides, lyophilized to yield anti-PD-L1 peptide-conjugated
glycol chitosan nanoparticles (PP-CNPs). The successful chemical
conjugation of CNPs with PP was analyzed using 400 MHz 'H NMR (DD2
FT NMR, Agilent Technologies, USA) after dissolving in DMSO-dg
(Fig. S3). The glycol chitosan peaks in PP-CNPs are shown at 3.13-4.20
ppm and PP peaks in PP-CNPs are observed in 6.60-7.80 ppm which is
related to benzene structure of PP molecules. On the other hands, CNPs
have no peaks at 6.60-7.80 ppm, due to the lack of benzene structure of
PP molecules. The concentration of anti-PD-L1 peptide in the PP-CNPs
was determined via the BCA assay. For fluorescent labeling, PP-CNPs
(301 kDa; 220 mg, 0.73 pmol) and Cy5.5-NHS (2 mg, 1.7 pmol) were
dissolved in 80 ml of anhydrous DMSO. The blue solution was stirred for
1 day at room temperature and dialyzed against distilled water using a
cellulose membrane (MWCO: 100 kDa) for 2 days, followed by lyophi-
lization to obtain as powder of Cy5.5-labeled PP-CNPs.

To prepare anti-PD-L1 peptide-conjugated and doxorubicin (DOX)-
loaded glycol chitosan nanoparticles (DOX-PP-CNPs), DOX was dis-
solved in tetrahydrofuran (THF) and added dropwise into the PP-CNP
solution (200 mg/10 ml in DMSO). Then, the organic solvent was
removed using the rotary evaporator to obtain the deposition of a thin
film at the glass vial wall, followed by freeze-dry for 4 h to remove
remaining organic solvent. The film was hydrated and dispersed in
distilled water with sonication. Finally, the solution was passed through
0.45 pm syringe filter membrane to remove unloaded DOX. The DOX
loading content and efficiency of DOX-CNPs and DOX-PP-CNPs were
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determined using the UV-vis spectrometer at 480 nm wavelength. In
vitro DOX release profiles of DOX-CNPs and DOX-PP-CNPs were assessed
in 37 °C PBS containing 0.1% of Tween 80. Briefly, an equivalent DOX
concentration (1 pM) of DOX-CNPs and DOX-PP-CNPs was dispersed in
PBS (pH 7.4). Each solution was loaded into the dialysis membranes
(MWCO: 100 kDa) and shaken at 37 °C under 100 rpm in a water bath.
At the pre-determined time points, the amount of DOX released to outer
membranes was quantified by using UV-vis spectrometer at 480 nm
wavelength.

After preparation of CNPs, PP-CNPs, DOX-CNPs, DOX-PP-CNPs, their
size distribution and morphology in saline (1 mg/ml) were confirmed
using dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern In-
struments, UK) and transmission electron microscope (TEM; CM-200,
Philips, USA), respectively. To verify PD-L1 multivalent binding of PP-
CNPs, biolayer interferometry (BLI) were performed on a BLItz sys-
tem. Briefly, 50 pug/ml of recombinant PD-L1 was immobilized on a
Protein A biosensor (ForteBio, Menlo Park, California, USA). The bio-
sensors were washed with kinetics buffer two times and reacted with
anti-PD-L1 antibody, anti-PD-L1 peptide (NYSKPTDRQYHF), CNPs or
PP-CNPs for the association steps.

3.3. Cellular binding and uptake

To assess the cellular binding, 3 x 10° mGFP-CT26 cells were seeded
into confocal dishes and incubated with PP-CNPs (0.067 pM based on
PP) or PD-L1 Ab (0.067 uM) at 4 °C for 1 h. As a control experiments,
mGFP-CT26 cells were pretreated with anti-PD-L1 antibody or peptide
(PP; NYSKPTDRQYHEF) at 4 °C for 1 h to block PD-L1 on the cell surface.
The cellular uptake of PP-CNPs and PD-L1 Ab was investigated in mGFP-
CT26 cells after treatment at 37 °C for 0, 1, 3, 6, 12 and 24 h. The ly-
sosomes in the mGFP-CT26 cells were labeled by incubation with
LAMP1-RFP fusion constructs (CellLight™ BacMam 2.0, Thermo Fisher
Scientific, USA) for 1 h 37 °C. After treatment, cells were washed with
DPBS for 2 min, fixed with 4% paraformaldehyde for 10 min, and
stained with 4’,6-diamidino-2-phenylindole (DAPI) for 5 min. Fluores-
cence imaging for cellular binding and uptake was performed by using a
Leica TCS SP8 confocal laser-scanning microscope (CLSM; Leica
Microsystems GmbH; Wetzlar, Germany). Quantitative analyses of the
fluorescence images were performed using ImageJ software (NIH,
Bethesda, MD, USA). For the analysis of PD-L1 expression, 1 x 10°CT26
cells were seeded in the 6-well cell culture plates. After 24 h of stabili-
zation, the CT26 cells were incubated with PP-CNPs (0.067 uM based on
PP), PP (0.067 pM) or PD-L1 Ab (0.067 pM) for 48 h. Then, the cells were
solubilized by using RIPA buffer containing 1% protease inhibitors, and
the resulting lysates were centrifuged at 14,000 rpm for 15 min to
remove cell debris. 5 pg of proteins were resolved via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels and
transferred to PVDF (polyvinylidene difluoride) membranes.

3.4. Co-culture study

Five-week-old male BALB/c mice were purchased from NaraBio
(Pyeongtaek-si, Gyeonggi-do, Republic of Korea). Mice were bred under
pathogen-free conditions at the Korea Institute of Science and Tech-
nology (KIST). All animal experiments were performed in compliance
with the relevant laws and institutional guidelines of the Institutional
Animal Care and Use Committee (IACUC; approval number KIST-
IACUC-2023-013) of the Korea Institute of Science and Technology
(KIST). The CD8" T cells were collected from the spleen and lymph
nodes of BALB/c mice using a mouse CD8" T cell isolation kit and
activated by using a T cell activation/expansion kit. Then, activated
CD8" T cells were co-cultured with CT26 cells treated with PP-CNPs
(0.067 pM based on PP) or PD-L1 Ab (0.067 pM) for 48 h. After 2 h of
co-culture, photographs were captured using an optical microscope. In
addition, IFN-y in the co-culture medium was measured using an IFN-y
ELISA Kit. The tumor cell lysis by CD8" T cells was evaluated by
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measuring viability of CT26 cells using the CCK-8 assay. For the analysis
of CT26 cell viability, suspended T cells were washout with DPBS, and
adherent CT26 cells were incubated with culture medium containing
10% CCK-8 solution. After 20 min of incubation, the cell viability was
analyzed using a microplate reader (VERSAmaxTM; Molecular Devices
Corp., USA) with a wavelength of 450 nm. To assess T cell proliferation
after co-culture with CT26 cells treated with PP-CNPs or PD-L1 Ab,
CD8™ T cells were labeled with CFSE dye (Thermo Fisher Scientific Inc.,
Rockford, IL, USA), and the dilution assays were performed. Briefly,
activated CD8" T cells were incubated with CFSE dye in serum-free
culture medium at 37 °C for 5 min, and cells were resuspended in cell
culture medium. After 2 h of co-culture with CT26 cells pre-treated with
PP-CNPs or PD-L1 Ab, the decreased fluorescence intensities of daughter
T cells was compared to parental cells after cell division owing to the
dilution of CFSE dye.

3.5. In vivo tumor targeting of PP-CNPs and PD-L1 degradation

The tumor targeting and PD-L1 degradation of PP-CNPs were eval-
uated in CT26 tumor-bearing BALB/c mice that were prepared via sub-
cutaneous inoculation of 1 x 10° CT26 cells. When the tumor volumes
were approximately 200 mm®, 10 mg/kg of Cy5.5-labeled PP-CNPs,
CNPs, anti-PD-L1 Ab or peptide (PP; NYSKPTDRQYHF) were intrave-
nously injected into mice. At the indicated time points, noninvasive
near-infrared fluorescence (NIRF) imaging was performed via IVIS
Lumina Series III system (PerkinElmer; Waltham, MA, USA). The tumor
tissues were collected from the mice after 72 h of injection for ex vivo
fluorescence imaging. The fluorescence intensities in tumor tissues were
quantified using a Living Image software (PerkinElmer, Waltham, MA,
USA). Finally, tumor tissues were cut into 10-pm thick sections for his-
tological analyses. Slide-mounted tumor sections were stained with
green fluorescent protein (GFP) fluorescent dye-conjugated anti-PD-L1
antibody for 6 h at 4 °C and analyzed using a Leica TCS SP8 confocal
laser scanning microscope.

4. Cytotoxicity study

The cytotoxicity was assessed via the Cell Counting Kit-8 (CCK-8)
assays. For these analyses, 3 x 10° CT26 cells or H9C2 rat car-
diomyocytes were seeded into 96-well cell culture plates. Then, cells
were treated with CNPs or PP-CNPs. After 48 h of incubation, the cells
were incubated with cell culture medium containing 10% of CCK-8 so-
lution for 15 min. The cell viability was analyzed using a microplate
reader (VERSAmaxTM; Molecular Devices Corp., USA) with a wave-
length of 450 nm. The cell viability of CT26 cells were also assessed after
treatment with an equivalent DOX concentrations (1 pM) of free DOX,
DOX-CNPs or DOX-PP-CNPs for 48 h.

4.1. DAMPs analysis

DAMP expressions from CT26 cells were analyzed by measuring CRT
expression on cell surface and extracellular release of HMGBLI. Briefly, 3
x 10° CT26 cells were incubated with free DOX, DOX-CNPs or DOX-PP-
CNPs (1 pM based on DOX content) at 37 °C for 48 h. Then, the cells
were stained with APC-conjugated CRT antibody for 24 h at 4 °C and
were subsequently washed with DPBS, fixed with 4% paraformaldehyde
for 10 min, and stained with 4°,6-diamidino-2-phenylindole (DAPI) for
5 min. Fluorescence imaging was performed by using a Leica TCS SP8
confocal laser scanning microscope. The CRT expression of CT26 cells
was also assessed via flow cytometry after each treatment with same
protocol (n = 3). Extracellular release of HMGB1 and ATP to the cell
culture medium was measured using an ELISA assay kit and commercial
ATP assay kit (Beyotime Biotechnology), respectively. The effective ICD
effects by DOX-PP-CNPs were further evaluated through co-culture as-
says. For these analyses, 1 x 10° CT26 cells were seeded in 100-pi cell
culture dishes, followed by treatment with PP-CNPs or an equivalent
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DOX concentration (1 M) of free DOX, DOX-CNPs or DOX-PP-CNPs for
48 h. In case of PP-CNPs, equal CNP amount with DOX-PP-CNPs was
treated with CT26 cells. Then, CT26 cells were further co-cultured with
lymphocytes from 6-week-old male BALB/C mice for 2 h, and the pop-
ulation of mature dendritic cells (CD11c¢ CD40"CD86™) and activated T
cells (CD45"CD3"CD8™) within the lymphocytes was analyzed via flow
cytometer (CytoFLEX, BECKMAN COULTER, USA).

4.2. Therapeutic efficacy and antitumor immune responses of PP-CNPs

The therapeutic efficacy was assessed in CT26 tumor-bearing mice.
The 10 mg/kg of PD-L1 Ab, anti-PD-L1 peptide (PD-L1 pep;
NYSKPTDRQYHF), CNPs or PP-CNPs was intravenously injected into
mice once every three days. The therapeutic efficacy was evaluated by
measuring the tumor volumes, calculated as the largest diameter x
smallest diameter? x 0.53. The tumor volume was measured once every
two days, and mice with a tumor size of 2000 mm?> or higher were
counted as dead. To analyze the antitumor immune responses after each
treatment, the tumor tissues were collected on day 10. Single cells were
isolated from the tumor tissues using a Tumor Dissociation Kit and
incubated with FcBlock for 10 min to avoid non-specific antibody
binding. Finally, multi-parameter staining was performed for 30 min to
analyze the proportion of (i) cytotoxic T cells (CD45"CD3"CD8™), (ii)
regulatory T lymphocytes (Treg; CD457CD3"CD4"CD25™), (iii) mature
DCs (CD11¢"CD80™) and (iv) PD-L1-positive tumor cells (CD45 PD-
L1%), DCs (CD11¢"PD-L1") and macrophages (F4/80"PD-L1") in the
tumor tissues.

4.3. Therapeutic efficacy in lung metastasis model

To prepare lung metastasis mice models, 1 x 10° luciferase-
expressing CT26 cells were intravenously injected into BALB/c mice.
Five days after tumor inoculation, mice were treated with saline or
equivalent doses (1 mg/kg based on DOX content) of free DOX, DOX-
CNPs or DOX-PP-CNPs once every three days. At the pre-determined
time points, noninvasive bioluminescence imaging was performed
after intravenous injection of luciferin. For histological analysis, lung
tissues from each group were collected on day 5 after treatment and
stained with Alexa Fluor 647-conjugated anti-CD8 or anti-CD25 anti-
bodies for 1 h at room temperature. Lung tissues were analyzed using a
Leica TCS SP8 confocal laser scanning microscope.

4.4. Statistics

The statistical significance between two groups was analyzed using
Student’s t-test. One-way analysis of variance (ANOVA) was performed
for comparisons of more than two groups, and multiple comparisons
were analyzed using Tukey-Kramer post-hoc test. Survival data was
plotted as Kaplan-Meier curves and analyzed using log-rank test. Sta-
tistical significance was indicated with asterisk (*p < 0.05, **p < 0.01,
***< 0.001) in the figures.
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