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Abstract

Our previous research discovered that combining PDA-PEG polymer with copper ions can
selectively kill cancer cells. However, the precise mechanism by which this combination function
was not fully understood. This study revealed that PDA-PEG polymer and copper ions form
complementary PDA-PEG/copper (Poly/Cu) nanocomplexes by facilitating copper ion uptake
and lysosomal escaping. /n vitro study found that Poly/Cu killed 4T1 cells through a lysosome
cell death pathway. Furthermore, Poly/Cu inhibited both proteasome function and autophagy
pathway and induced immunogenic cell death (ICD) in 4T1 cells. The Poly/Cu induced-ICD
coupled with the checkpoint blockade effect of anti-PD-L1 antibody (aPD-L1) synergistically
promoted immune cells penetration into the tumor mass. Benefiting from the tumor-targeting
effect and cancer cell-selective killing effect of Poly/Cu complexes, the combinatory treatment
of aPD-L1 and Poly/Cu effectively suppressed the progression of triple-negative breast cancer
without inducing systemic side effects.
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PDA-PEG/copper nanocomplex kills 4T1 cells by lysosomal cell death, and exhibts synergetic
effect with PD-L1 antibody through ICD-boosted T-cell infiltration.

Introduction

Chemotherapy has been a widely used approach in treating breast cancer, but the non-
specific toxicity of the drugs can result in serious side effects for patients.l: 2 In the
meantime, checkpoint blockade-based immunotherapies targeting T-cells have attracted
significant attention. One such example is the use of programmed death-ligand 1 (PD-L1)
antibody,3-6 which has shown promising results in clinical trials and has even been approved
by the FDA for the treatment of various types of cancer.”- 8 However, recent studies revealed
that the efficacy of the anti-PD-L1 antibody (aPD-L1) could be limited in some patients due
to a lack of T-cell infiltration into the tumor mass. This has been referred to by some as a
“cold tumor” phenomenon.9: 10

Improving the effectiveness of cancer immunotherapy requires converting a “cold tumor”
into a “hot tumor” that has a high concentration of immune cells.11: 12 To overcome

this challenge, researchers are exploring combination treatments, such as combining
chemotherapy with checkpoint blockade immunotherapy, to achieve a stronger antitumor
effect.13 These efforts are being aided by the use of immunogenic cell death (ICD), which
helps immune cells infiltrate into the tumor mass.1# 15 However, conventional anticancer
drugs have off-target effects and can cause significant side effects, presenting a major
obstacle to overcome.

Our group previously developed poly [(2-(pyridin-2-yldisulfanyl) ethyl acrylate)-co- [poly
(ethylene glycol)]] (PDA-PEG) for cancer-targeted drug delivery.16 A recent study found
that PDA-PEG can form nanocomplexes with copper ions (Poly/Cu) in the aqueous phase
and exhibit a cancer cell-selective killing effect.1” However, the mechanism of Poly/Cu
toxicity in breast cancer is unclear. Herein, we adopted 4T1 cells-based triple-negative breast
cancer (TNBC) model to study the mechanism of Poly/Cu toxicity. It was revealed that
Poly/Cu induced lysosomal cell death, inhibited proteasome function, and promoted PD-L1
expression. More importantly, Poly/Cu also induced ICD on the 4T1 cells, which would
further increase the immune response. To take advantage of the Poly/Cu induced ICD and
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inhibit the upregulated PD-L1 interacting with PD-1 with T cells, aPD-L1 was incorporated
to probe the potential synergy of the ICD effect of Poly/Cu and the checkpoint blockade
effect of aPD-L1 for TNBC therapy (Fig. 1A).

Characterization of Poly/Cu

The PDA-PEG polymer (Poly) was synthesized according to the previous report.16 The
polymer has both hydrophobic segments, 2-(pyridin-2-yldisulfanyl) ethyl acrylate, and
hydrophilic segments, poly (ethylene glycol). By taking advantage of this property, Poly/Cu
nanocomplexes were fabricated by dissolving the polymer into water and mixing it with

a copper chloride solution. Dynamic light scattering found the size of the resulting
nanocomplexes in the water was about 30 nm (Fig. 1B), which matched with transmission
electron microscopy observation. The PDI of nanocomplexes is 0.25, indicating the narrow
size distribution. Furthermore, the stability assay proved that the size of the nanocomplexes
remained constant over seven days in phosphate-buffered saline (PBS) (Fig. 1C). In addition,
the size of the nanocomplexes in 10% FBS containing buffer exhibited no significant
difference within 24 h, suggesting the excellent biocompatibility of Poly/Cu with blood
components during circulation. (Fig. 1D).

Poly/Cu killing of 4T1 cells is copper-dependent

Copper ions are essential in cancer progression and metastasis, involving mitochondria
breathing, anti-oxidation, and signal pathways.18-20 Thus, many explored anticancer
therapies have focused on disrupting copper homeostasis by manipulating copper ion

level within cancer cells.21-23 Our previous study revealed that PDA-PEG polymer or
copper alone has less toxicity to the tumor cells, while their combination exhibits highly
selective toxicity to cancer cells over normal cells.}” However, the mechanism for PDA-
Poly/Cu nanocomplexes selectively killing cancer cells was unclear. To address that, TNBC
4T1 cells were adopted. For the combination of PDA-PEG and Cu ions, the increase

of PDA-PEG concentration or copper ion concentration resulted in the increase of their
cytotoxicity (Fig. 2A, 2B), which proved that Poly/Cu toxicity is dose-dependent. As
expected, PDA-PEG or copper ions alone did not induce significant toxicity (Fig. S1A),
suggesting only the combination of PDA-PEG and Cu could generate toxicity in the 4T1
cells. To investigate the effect of PDA-PEG on intracellular copper ion level, Phen Green™
FL diacetate, a copper ion selective dye, was employed. It was revealed that the addition

of Cu moderately increases the intracellular copper concentration. Similarly, the addition
of PDA-PEG alone only slightly affects the copper ion concentration in the 4T1 cells (Fig.
2C and Fig. S1B). Interestingly, the treatment of Poly/Cu combination effectively quenched
the intracellular fluorescence signal, suggesting that PDA-PEG could deliver a significantly
higher level of copper ions into the 4T1 cells than CuCl, alone. Thus, we hypothesize

that PDA-PEG may form nanoparticles and deliver more copper ions into 4T1 cells and
induce the death of these cells. To further validate the effect of intracellular copper ions

on the cytotoxicity of PDA-PEG, ammonium tetrathiomolybdate (TTM), a copper chelator,
was introduced. TTM treatment reduced intracellular copper ion level, evidenced by the
enhanced green fluorescence intensity (Fig. 2D). To reduce the intracellular copper ion
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level, TTM was added together with the Poly/Cu treatment. As expected, the addition of
TTM reduced the copper ions within the cells (Fig. 2D and Fig. S1C) and attenuated the
cytotoxicity of Poly/Cu on 4T1 cells (Fig. 2E and Fig. S1D). In contrast, no noticeable
fluorescence intensity change was observed in NIH-3T3 cells after copper ions and Poly/Cu
treatment, indicating the combinatory treatment of PDA-PEG and Cu could not increase

the intracellular copper level in NIH-3T3 cells (Fig. S2A-B). Consequently, Poly/Cu could
not effectively kill NIH-3T3 cells (Fig. S2C). Thus, Poly/Cu exhibited selective toxicity on
tumor cells while sparing normal cells (NIH 3T3). All the above data suggested that a high
level of intracellular copper ions is critical for killing 4T1 cells. At the same time, PDA-PEG
may form nanoparticles and deliver copper ions into tumor cells and cause tumor cell death.

Poly/Cu induces lysosomal cell death

Our study found that PDA-PEG forms nanoparticles in an aqueous solution, and the
nanoparticles could be endocytosed to the endosome and then transferred to the lysosome.
To escape from the lysosome, nanoparticles usually break the lysosome and get released into
the cytoplasm due to a proton sponge effect, especially with the help of copper ions.24: 25
PDA-PEG can effectively enter 4T1 cells and accumulate in their lysosomes. At the same
time, the addition of copper ions did not boost the uptake of PDA-PEG by the 4T1 cells
(Fig. 3A), which coincides with our previous observation in SKOV-3 cells.1? Interestingly,

it was noticed that the combinatory treatment of PDA-PEG and Cu ions induced the
enlargement of the lysosome (Fig. 3B). Moreover, their combination significantly reduced
the number of lysosomes in the 4T1 cells. Thus, we postulate that Poly/Cu may induce
lysosomal cell death (LCD) by breaking lysosomes and releasing the lysosomal content

into the cytoplasm.26: 27 Acridine orange is a lysosomotropic agent, which emits a red
fluorescence when retained within lysosomes at a high concentration and yields green
fluorescence signals when localized in cytosol at a low concentration. To further test the
above hypothesis, the permeability of lysosomes in 4T1 cells was analyzed by acridine
orange staining. It was found that after 12 h of treatment, Poly/Cu significantly increased the
permeability of lysosome in the 4T1 cells, evidenced by the elevated green:red fluorescence
ratio (Fig. 3C and Fig. S3A). As expected, PDA-PEG or Cu alone did not affect the
lysosomal permeability.

Cathepsin D is a lysosomal protease,28 that can be released into the cytoplasm when the
lysosome is broken. To further prove that Poly/Cu broke lysosomes, the distribution of
cathepsin D in 4T1 cells was determined by immunofluorescence staining. The smeared
red signals in Fig. 3D confirmed that Poly/Cu promoted the release of cathepsin D into the
cytoplasm, indicating that Poly/Cu facilitated the rupture of the lysosomes in 4T1 cells.

Additionally, Poly/Cu didn’t induce reactive oxygen species (ROS) elevation (Fig. 3E

and Fig. S3B). Western blot results found that Poly/Cu did not induce the expression of
cleaved-PARP and cleaved-caspase 3 (Fig. 3F-G and Fig. S3C-D), which are the hallmarks
of apoptosis. These data collectively proved that Poly/Cu results in the enlargement of

the lysosome, increases the permeability of lysosomes, breaks the lysosome, and causes
lysosomal cell death of 4T1 cells.
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Poly/Cu inhibits proteasome function and prevents the degradation of PD-L1

PDA-PEG facilitates the uptake of copper ions by cancer cells and subsequently kills
them, similar to a disulfiram (DSF)/copper complex in killing cancer cells.2% 30 One of

the main targets of the DSF/copper complex is the ubiquitin/proteasome system (UPS).31
The ubiquitin/proteasome system is a highly regulated mechanism for intracellular protein
degradation, which plays an essential role in many fundamental cellular activities.32 33 A
protein must be ubiquitinated before it can be transferred to the 26S proteasome system

for degradation. As demonstrated in Fig. 4A-B, Poly/Cu boosted the expression of poly-
ubiquitin protein, indicating that Poly/Cu inhibited the function of proteasome and caused
the accumulation of ubiquitinated protein. The 26S proteasome system comprises a catalytic
core particle (also known as 20S proteasome) and one or two 19S regulatory particles.34 To
better understand the mechanism of proteasome inhibition by Poly/Cu, the activity of 20S
proteasome was analyzed. 4T1 cells were treated with different concentrations of copper
ions, PDA-PEG polymer, and their combinations for 24 h. After that, 20S proteasome from
the 4T1 cells was isolated, and the activity of 20S proteasome was analyzed. As expected,
polymer or copper ion alone has no significant influence on the activity of 20S proteasome
(Fig. 4C-D), while their combination showed an inhibitory effect on the 20S proteasome
function (Fig. 4E). In another set of experiments, 20S proteasomes were isolated from
untreated cells first and then treated with different concentrations of PDA-PEG polymer,
copper ion, and their combination. In agreement with a previous report,3° free copper ions
alone produced a significant suppression effect on the function of 20S proteasome (Fig.
S4B). Interestingly, Poly/Cu only showed a weak inhibitory effect on 20S proteasome,
which might be due to PDA-PEG polymer’s chelator effect subsequently reducing the

free copper ions level in the system. Taken together, we conclude that the enhanced 20S
proteasome inhibitory effect of Poly/Cu was because PDA-PEG facilitated the intracellular
uptake of copper ions.

Many researchers reported that UPS-proteasome is a primary pathway to degrade
programmed death-ligand 1(PD-L1).36. 37 Fig. 4F and Fig. S4D-E revealed that Poly/Cu
also suppressed the degradation of PD-L1, evidenced by the increased PD-L1 expression
in PDA-PEG/copper treated cells, which is similar to that resulted from the treatment

of bortezomib (BTZ), a proteasome inhibitor (Fig. 4G-H and Fig. S4F-G). Therefore,
Poly/Cu-induced proteasome inhibition also induced the overexpression of PD-L1 in 4T1
cells, which potentially may result in immunosuppression in cancer therapy.

Poly/Cu inhibits autophagy in 4T1 cells

Since the fusion of lysosomes with autophagosomes to form autolysosomes is required
during the autophagy process,38 the break of lysosomes by Poly/Cu treatment would inhibit
the function of autophagy. Thus, LC3B-I11, an autophagy marker, would not be degraded

by the autolysosomes when the upstream lysosome was broken. To validate our hypothesis,
Cyto-ID was utilized to detect the expression of LC3B-11. Rapamycin, an inhibitor of the
mTOR signal and inducer of autophagy, was adopted as a positive control. It was found
that the Poly/Cu treatment upregulated LC3B-I1 expression (Fig. 5A). Western blot results
further proved that LC3B-I1 expression was increased by Poly/Cu (Fig. 5B—C). These data
demonstrated that Poly/Cu inhibited the autophagy of 4T1 cells.
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Ubiquitin-proteasome and autophagy-lysosome are two major pathways for intracellular
protein degradation, as previous studies demonstrated.3%-43 To probe the relationship
between autophagy and proteasome activities in 4T1 cells upon Poly/Cu treatment,
rapamycin (autophagy promotor) and chloroquine (CQ, autophagy inhibitor) were
introduced. Fig. 5C and Fig. 5E verified that both rapamycin and CQ alone or in
combination with Poly/Cu increased the expression of LC3B-11. However, rapamycin could
reduce the Poly/Cu upregulated poly-ubiquitin expression (Fig. 5D and Fig. S5C), while
CQ further increased the expression of poly-ubiquitin induced by Poly/Cu (Fig. 5F and Fig.
S5D). Thus, we concluded that the autophagy suppression effect of Poly/Cu further boosted
its proteasome inhibitory effect in 4T1 cells.

PDA-PEG/copper induces immunogenic cell death

Immunogenic cell death (ICD) is a type of cell death that promotes immune response.
Calreticulin (CRT) translocating to the membrane and releasing high mobility group box
1 (HMGB1) are two major makers of ICD**. Some studies have reported that heat shock
protein 70 (HSP70) upregulation also increases tumor immunogenicity.*® PDA-PEG/copper
has been found to selectively kill tumor cells by inducing lysosomal cell death (Fig. 3).

It was interesting to see that Poly/Cu treatment helps the translocation of CRT to the cell
membrane (Fig. 6A-B), which promoted dead cell-associated antigen uptake by dendric
cells (DCs). Moreover, Poly/Cu treatment decreased the concentration of HMGBL in the
4T1 cells, suggesting that Poly/Cu encouraged the release of HMGB1 (Fig. 6C-D), which
subsequently favored the recruitment of DCs and their activation. Additionally, Poly/Cu
treatment also significantly increased the expression of HSP70 (Fig. 6E-F). All these data
proved that PDA-PEG/copper induced ICD on 4T1 cells.

aPD-L1 boosts the cell-killing effect of Poly/Cu in vitro

Poly/Cu inhibits the function of proteasome and results in the accumulation of PD-L1,
which is related to immune escape and poor prognosis.*®: 47 To boost the therapeutic effect
of Poly/Cu and reduce its associated immune suppression for cancer therapy, aPD-L1,
which blocks the interaction between cancer cells expressed PD-L1 and T cells expressed
PD-1, was introduced. Fig. 7A found that Poly/Cu killed nearly 60% of 4T1 cells, while
the addition of aPD-L1 boosted its cytotoxicity by 10%. In contrast, aPD-L1 itself had

no significant toxicity on 4T1 cells /n vitro (Fig. 7A, 7C). To mimic the /n vivo situation

in vitro, we co-cultured peripheral blood mononuclear cells (PBMCs) and aPD-L1 with
4T1 cells for five days after 4T1 cells were pretreated with Poly/Cu for 2 days. In the
non-pretreated group, it was discovered that PBMCs or aPD-L1 alone did not kill 4T1 cells,
and their combination only exhibited slight toxicity (Fig. 7B and 7D). However, for the
Poly/Cu pretreated group (Fig. 7B and 7E), the supplement of PBMCs killed nearly an
additional 30% of cells, and the combination of aPD-L1 and PBMCs caused an additional
40% of 4T1 cell death. We postulate the enhanced cell-killing effect of the combination of
aPD-L1 and PBMCs was due to the ICD induced by Poly/Cu (Fig. 6), which promoted the
attack of cytolytic T cells in killing 4T1 cells. Besides that, PD-L1 inhibition with the help
of the aPD-L1 further boosted the activity of the cytolytic T cells.
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To further validate the system in a more /7 vivo relevant model, 4T1 tumor spheroids were
created and treated similarly as described in 2D culture. Fig. S6 showed that there were only
a few dead 4T1 cells in aPD-L1 or PBMCs-treated groups when the 4T1 tumor spheroids
were not pretreated with Poly/Cu. However, when 4T1 tumor spheroids were pretreated with
Poly/Cu, PBMCs induced significant damage to 4T1 tumor spheroids. This enhanced killing
effect was more significant when aPD-L1 and PBMCs combinatory treatment was given.
Therefore, we expected that the combinatory treatment of Poly/Cu and aPD-L1 should
effectively inhibit tumor growth /in vivo.

In vivo distribution of Poly/Cu

Encouraged by the excellent /n vitro results, we further studied the tumor-targeting effect of
Poly/Cu. A mouse xenograft tumor model was built by injecting 4T1 cells subcutaneously.
The /n vivo distribution of cy5-labeled PDA-PEG or PDA-PEG/copper in the mouse tumor
model was studied by an VIS animal imaging system. It was revealed that PDA-PEG
nanoparticles were mainly distributed to the liver, lung, and kidney (Fig. S7). Interestingly,
the addition of copper ions improved the retention of PDA-PEG nanoparticles in tumor
tissue.

In vivo antitumor effect of combinatory treatment

To investigate the antitumor effect of Poly/Cu combined with aPD-L1 /n vivo, 4T1 tumor-
bearing BALB/c mice were assigned to four treatment groups, including control, aPD-L1,
Poly/Cu, and the combination of aPD-L1 and Poly/Cu, and being treated as described in
Fig. 8A when tumor volume reached 50 mm?3. To generate stronger checkpoint blockage
effect and minimize potential systemic toxicity of aPD-L1, intratumor injection of aPD-L1
was employed. Fig. 8B and 8E indicated that the tumor volume in the control group
increased rapidly, reaching 2000 mm3 in less than 30 days. As expected, the intratumor
injection of aPD-L1 only slightly inhibited the growth of the tumor (Fig. 8B and 8F). At
the same time, the treatment of Poly/Cu exhibited a significant inhibitory effect (Fig. 8B
and 8G). To our surprise, the combination of aPD-L1 and Poly/Cu showed a much more
potent effect in inhibiting tumor progression than aPD-L1 or Poly/Cu alone (Fig. 8B and
8H). Benefiting from its remarkable anticancer effect, the medium survival time for the
combination treatment group was extended from 28 days to 53 days (Fig. 8C). In the
meantime, no significant weight change (Fig. 8D) and tissue damage (Fig. S8) were noticed
among all treatment groups, suggesting the safety of the combinatory treatment.

To probe whether the ICD effect of Poly/Cu combined with aPD-L1 induced the infiltration
of T cells in vivo, immunohistochemistry was employed to detect the residence of the T
cells within the tumor tissue. Fig. 81-K revealed that aPD-L1 or Poly/Cu alone did not
induce the infiltration of CD3*, CD4", and CD8* cells within the tumor tissue. However, as
expected, the combinatory treatment of aPD-L1 and Poly/Cu effectively promoted the CD3™,
CD4", and CD8* cells’ penetration into the tumor mass. Furthermore, Ki67 immunostaining
revealed that the cancer cells within the combinatory treatment group had the slowest growth
rate (Fig. 8L). All these data proved that the aPD-L1 exhibited a synergetic effect with

the ICD effect of Poly/Cu in promoting immune cell infiltration into tumor mass, which
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subsequently enhanced the antitumor effect of Poly/Cu and prolonged the survival time of
mice.

Discussion

Intracellular copper ions are critical for the proliferation of cancer cells. However, a high
level of copper ions in the cytoplasm inhibits the activity of the proteasome. Our study
revealed that PDA-PEG polymer and copper ions were mutually reinforced after forming
polymer/metal nanocomplex (Fig. 1B). PDA-PEG helped copper ions enter the cancer
cells (Fig. 2C) while copper ions assisted PDA-PEG escaping from the lysosome (Fig.

3). Due to their complementary effect, Poly/Cu selectively killed cancer cells by boosting
the permeability of the lysosome (Fig. 1), causing the rupture of the lysosomes and the
release of cathepsin enzymes to kill cancer cells (Fig. 3). Moreover, Poly/Cu inhibited the
proteasome function by suppressing the 20S proteasome function (Fig. 4A-E) as well as
preventing the degradation of PD-L1, which resulted in the upregulation of PD-L1 (Fig.
4F). Because of the breaking of lysosomes, Poly/Cu also inhibited the autophagy pathway
(Fig. 5). Autophagy and proteasome system are two major pathways for intracellular
protein degradation. Usually, proteasome inhibition may promote the autophagy-based
protein degradation pathway. Interestingly, Poly/Cu blocked both proteasome and autophagy
pathways simultaneously. In addition, Poly/Cu induced ICD for 4T1 cells, evidenced by
the increased CRT membrane translocation and declined intracellular HMGB1 level (Fig.
6), which subsequently promoted an immune response. Based on the above results, we
introduced aPD-L1 to Poly/Cu treatment to achieve a better antitumor effect for TNBC.

It was revealed that aPD-L 1 increases the antitumor effect of Poly/Cu in 2D and tumor
spheroid culture, especially in the presence of PBMCs (Fig. 7 and Fig. S6). During the

in vivo study, aPD-L1 based PD-L1 inhibition and Poly/Cu induced ICD boosted the
infiltration of immune cells into tumor mass (Fig. 81-J), synergistically killed 4T1 cancer
cells (Fig. 8A), prevented the progression of tumor (Fig. 8B), and prolonged the survival
time of the animals (Fig. 8C). Ascribed to the cancer cell-selective killing nature of Poly/Cu,
no systemic toxicity was observed after the combinatory treatment of aPD-L1 and Poly/Cu.

Experimental section

Materials

Ki67-Alexa 488, Cleaved-PARP, LC3B, Poly-ubiquitin, and HSP70 antibodies were
purchased from the Cell signaling technique, Inc. PD-L1 monoclonal antibody (aPD-

L1) was obtained from Bio X Cell. CD3, CD4, and CD8 antibodies were purchased

from Protein Techniques, Co. Cyanine5 NHS ester was purchased from Lumiprobe
Corporation. Ammonium tetrathiomolybdate, ROS Kit (H2DCF-DA), Cupric chloride, and
copper gluconate were purchased from Sigma-Aldrich. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetra-zoliumbromide (MTT), Phen Green™ FL Diacetate dye, fetal bovine serum
(FBS), 0.25% trypsin-EDTA, penicillin-streptomycin (PS), phosphate-buffered saline (PBS),
DAPI, calcein AM, ethidium Homodimer-1 (EthD-1), Alexa fluor 633 goat anti-rabbit 1gG,
and Alexa fluor 488 goat anti-mouse IgG were purchased from Thermo Fisher Scientific,
Inc. Cyto-ID kit was purchased from Enzo Life Sciences, Inc. Suc-LLVT-AMC, Ac-RLR-
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AMC, and Z-LLE-AMC were purchased from Cayman Chemical, Co. All the solvents used
in this study were bought from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and used
directly without further purification unless specified.

Fabrication of Poly/Cu nanocomplexes

PDA-PEG polymer was synthesized according to a previous study.18 To fabricate Poly/Cu
nanocomplexes, briefly, 10 mg Polymer was dissolved into 10 ml DI water and sonicated for
10 min, 5 pL. 20 mM copper ions were added into the above solution. The size of Poly/Cu
nanocomplexes was detected by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern
Instruments Ltd, Malvern, UK). The morphology of Poly/Cu nanocomplexes was studied

by Hitachi HT7800 transmission electron microscopy (TEM, Hitachi High-Technologies
Corporation, Tokyo, Japan).

Stability of Polymer/copper

The hydrodynamic stability of the Poly/Cu nanocomplexes was monitored by DLS.
Nanogels were first dispersed in PBS buffer (pH 7.4) for 7 days, and the size of the
nanoparticles was determined with DLS every day. Poly/Cu nanocomplexes were incubated
in the PBS buffer with 10% FBS (pH 7.4) at 37 °C for 24 h, and the size of the
nanocomplexes was determined with DLS at predetermined time points.

MTT assay

4T1 breast cancer cells were cultured in Gibco™ DMEM supplemented with 10% FBS,

100 units/mL of penicillin, and 100 ug/mL of streptomycin at 37 °C with 5% CO» under a
humidified atmosphere. Cells were seeded in a 96-well plate at the density of 3000 cells/well
and incubated overnight. After that, different concentrations of PDA-PEG combined with 10
UM copper ions (CuCl,) or other indicated concentrations of drugs were added into culture
media and incubated for another 48 h. After removing the old medium, MTT reagent was
added to the 96-well plate with fresh medium and incubated for another 4 h or until purple
crystal formed. After that, the medium was replaced with 200 uL. DMSO. Cell viability was
analyzed by recording the absorbance of each well at 570 nm with a microplate reader.

ROS assay

4T1 cells were seeded in a black 96-well plate at the density of 3000 cells/well and
incubated overnight. After that, different concentrations of PDA-PEG combined with 10
UM copper ions (CuCl,) were added to the culture media and incubated for another 12 h.
Ten pM H2DCF-DA was added into each well and incubated for another 30 min. After
that, the medium was removed, and cells were washed with cold PBS. The ROS in the 4T1
cells were imaged by the Carl Zeiss LSM700 confocal microscope and quantified by the
microplate reader.

Copper uptake

4T1 cells were seeded in a glass-bottom dish for overnight culture, then indicated treatments
were added into the culture medium for 6 h. The old medium was replaced with fresh
medium containing Phen green™ dye and incubated for another 30 min. 4T1 cells were
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washed with PBS buffer 3 times, and the copper concentration in the 4T1 cells was detected
by a Carl Zeiss LSM700 confocal microscope.

Cellular Internalization assay

4T1 cells were seeded in 35 mm glass-bottom dishes at a density of 4 x 104 cells per

well. After 24 h of incubation at 37 °C, the old medium was replaced with a fresh medium
containing 10 uM Poly-Cy3 or 10 uM Poly-Cy3 combined with 10 uM Cu. After incubating
for 4 h, cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) for 15 min.
Finally, the nuclei were stained with 10 pg/ml of DAPI for 10 min at room temperature. The
uptake of PDA-PEG was observed with a Carl Zeiss LSM700 confocal microscope.

Acridine orange staining assay

4T1 cells were seeded in a glass bottom dish for overnight culture, then 4T1 cells were
incubated with 20 uM PDA-PEG, 10 uM CuCls, and their combination for 24 h. The old
medium was replaced with fresh medium containing 10 uM Acridine orange for 15 min,
then 4T1 cells were washed with PBS 3 times. The permeability of the lysosome was
determined by Carl Zeiss LSM700 confocal microscope.

Western blot assay

4T1 cells were seeded into a 6-well plate at the density of 14 x 104 cells/well. After
overnight culture, different concentrations of PDA-PEG combined with 10 uM CuCl, or
other indicated concentrations of drugs were added into the media, and the cells were
incubated for another 48 h. Afterward, 4T1 cells were harvested and lysed, and the
concentrations of proteins were determined by a BCA protein assay. Proteins were separated
in an SDS-PAGE gel and transferred to a PVDF membrane. After the membrane was
blocked with 3% BSA for 1 h, it was incubated with different primary antibodies (HMGB-1,
HSP70, LC3B, PARP, Poly-ubiquitin, PD-L1) overnight at 4 °C, washed with BST buffer for
3 times, incubated with secondary antibody for 2 h at room temperature, and then imaged
with the help of enhanced chemiluminescence to detect the targeted protein expression.

Autophagy staining assay

4T1 cells were seeded in a glass-bottom dish and received different treatments for 24 h. The
old medium was removed, and 4T1 cells were washed with PBS and fixated with 4% PFA.
Then 4T1 cells were incubated with DAPI and Cyto-ID for 30 mins at 37 °C before being
imaged with a Carl Zeiss LSM700 confocal microscope.

20S proteasome activity assay

To measure the proteasome activity in 4T1 cells, 4T1 cells were seeded into 6-well plates.
After 12 h of culture, cells were incubated with different concentrations of PDA-PEG,
varying concentrations of CuCly, or their combination for 48 h. Cells were washed twice
with ice-cold PBS and then collected with an isolating buffer (50 mM HEPES (pH 7.5), 150
mM NacCl, 1% Triton X-100, and 0.1 uM PMSF) and then centrifuged at 15,000 rpm for

15 min at 4°C. The cell lysates (10 pg) were incubated with 20 pM of different substrates
(Suc-LLVT-AMC, Ac-RLR-AMC, and Z-LLE-AMC) for measurement of chymotrypsin-
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like (CT like), trypsin-like (T like), and caspase-like (C like) activities, respectively. After

2 h of incubation at 37 °C, proteasome activity was measured by the release of hydrolyzed
free AMC groups by microplate reader at 380/460 nm. To measure the 20S proteasomes
activity of untreated 4T1 cells in response to drug treatment, 20S proteasomes isolated

from the untreated 4T1 cells were incubated with 20 uM of different substrates to measure
chymotrypsin-like, trypsin-like, and caspase-like activities in assay buffer (30 mM Tris-HCI
(pH 7.4)) with different concentrations of PDA-PEG, varying concentrations of CuCl,, or
their combination. After 2 h of incubation at 37°C, the proteasome enzymatic activities were
measured by the release of hydrolyzed free AMC as described above.

Immunofluorescence staining

For cell immunofluorescence staining assay, 4T1 cells were seeded in a glass-bottom dish
and treated with the drugs described above for 48 h. After that, the cells were washed with
PBS, fixated by 4% PFA, and incubated with 3% BSA for 1 h at room temperature. The
primary antibody was added to the dish overnight at 4°C. The secondary antibody (goat anti-
rabbit-cy5 or goat anti-mouse Alexa 488) was added to the dish for 1 h at room temperature.
The expression of the indicated protein was imaged by the confocal microscope (Carl

Zeiss LSM700). For the tissue immunofluorescence staining, the OTC-embedded tissue
sections were blocked in 5% BSA for 1 h at room temperature. Slides were incubated with
primary antibodies overnight at 4 °C and incubated with fluorescence-labeled secondary
antibodies at 37 °C for 1 h. Finally, the slides were mounted with Prolong® Diamond
Antifade Mounting with DAPI. Immunofluorescence images of the tissues were recorded
with a confocal microscope.

Flow cytometry assay

To investigate the effect of PDA-PEG/copper on the expression of CRT, flow cytometry

was employed. Cells were incubated with PDA-PEG/copper for 48 h and collected after
trypsinization. Cells were fixated by 4% PFA, washed with PBS buffer, and incubated with
3% BSA for 1 h at room temperature. The CRT antibody (1:2000) solution was added to

the cells overnight at 4°C. The secondary antibody (goat anti-rabbit-cy5) was incubated with
the cells for 1 h at room temperature. The concentration of CRT on the 4T1 cells membrane
after PDA-PEG/copper treatment was determined by flow cytometry (BD Accuri C6, BD
Biosciences).

Tumor spheroid assay

4T1 cells were seeded in a Corning Ultra-Low Attachment 96-well plate (4,000 cells/well).
After 4 days of incubation or till the formation of tumor spheroids, tumor spheroids were
pretreated with 20 uM PDA-PEG/10 uM CuCl, for 2 days. Afterward, the old medium was
replaced with fresh medium containing PBMCs (Effector/Target=30) and/or aPD-L1 (50
ug/ml) and their combination for 2 days. The viability of the cells in the tumor spheroid was
detected by staining with calcein AM and ethidium Homodimer-1 (EthD-1) dye.
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In vivo distribution of Poly/Cu

All animal procedures were performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of the University of South Carolina and approved by the Institutional
Animal Care and Use Committee (IACUC) (2570-101653-093021). BALB/c mice were
purchased from Jackson Laboratory. The xenograft breast cancer model was established

by subcutaneously injecting 4T1 cells (2 x 10° cells in 200 uL PBS) into the back of the
mice body of 6-week-old mice. Two weeks after the inoculation of 4T1 cells, the mice

were intravenously administered the Poly-Cy5 or Poly-Cy5/Cu as the treatment group while
injected PBS as the control. Three hours post-injection, mice were sacrificed, and different
organs and tumor masses were collected to be imaged ex vivoby an IVIS Lumina Ill
whole-body imaging system.

Anti-tumor efficacy

Tumor-bearing mice established above were randomly assigned into 4 groups (n=5) when
the tumor volume (V=Length* width2/2) reached 50 mm?, and injected with 1) PBS (i.v.),
2) aPD-L1 (intratumorally injection, 50 pg per mice), 3) Poly/Cu (i.v., 80 mg/kg Poly,

3.57 mg/kg copper gluconate), 4) the combination treatment of 2) + 3). To reduce the risk
of immune overreaction of PD-L1 antibody, only three doses of aPD-L1 treatment were
administered in treatment group 2) and 4). Animals in treatment groups 3) and 4) received
8 doses of Poly/Cu (twice per week). The sizes of the tumors were recorded twice per week
for 70 days or until tumor volume reached 2000 mms3.

Histological analysis

The organs collected from different treatment groups were fixed in the 4%
paraformaldehyde solution at 4 °C for 24 h, then embedded in optimal cutting temperature
compound (OCT compound). The embedded organs were cut into sections of 12 um
thickness. Afterward, the tissue sections were stained with Hematoxylin and eosin (H&E)
and analyzed under a light microscope.

Statistical analysis

All data were processed and expressed as means with standard deviations (mean + SD). All
experiments were repeated at least three times. Student’s t-test was utilized to analyze the
statistical difference between parallel groups. P < 0.05 from a two-tailed test was considered
statistically significant.

Conclusions

In summary, we discovered that PDA-PEG/copper nanocomplexes could kill 4T1 cells
through a lysosomal cell death pathway, in which PDA-PEG and copper ions are
complementary in promoting the intracellular copper ion level and facilitating lysosomal
escaping. Poly/Cu blocks both the proteasome function and autophagy pathway, leading to
PD-L1 overexpression. To counteract the potential immune suppression effect of upregulated
PD-L1, aPD-L1 was coupled with the Poly/Cu treatment. The synergistic effects of Poly/Cu
induced ICD and aPD-L1’s checkpoint blockade promote immune cell infiltration into

the tumor and kill cancer cells. Benefiting from the tumor-targeting effect and cancer cell-
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selective killing effect of Poly/Cu nanocomplexes, the combinatory treatment of aPD-L1 and
Poly/Cu effectively inhibits the progression of TNBC without inducing systemic toxicity
effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The proposed action of Poly/Cu nanocomplex and its characterization. (A) Schematic
illustration of the preparation process of Poly/Cu nanocomplex, mechanism of it killing

4T1 cells and combined with aPD-L1 for the combination therapy. (B) The DLS size of
Poly/Cu nanocomplexes was determined by Nano ZS Zetasizer and TEM image of Poly/Cu
nanocomplexes (insert). (C) The size change curve of Poly/Cu nanocomplexes in PBS buffer
was determined for 7 days. (D) The size change curve of Poly/Cu nanocomplexes in 10%
FBS at 37°C.
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Fig. 2.

Pogly/Cu delivers copper ions into 4T1 cells. (A) Different concentrations of polymer
combined with 10 uM CuCl, were incubated with 4T1 cells for 48 h, and the cell viability
was determined by MTT assay. Data are shown as mean = SD. * p< 0.05, ** p<0.01,

*** n<0.001, n=5. (B) 10 uM polymer combined with different concentrations of CuCl,
were incubated with 4T1 cells for 48 h, and the cell viability was determined by MTT assay.
Data are shown as means + SD. * p< 0.05, ** p< 0.01, *** p<0.001, n=5. (C) 10 uM
CuCly, 20 pM polymer, and their combination were incubated with 4T1 cells for 6 h, and
the old medium was replaced with a fresh medium containing Phen Green™ FL Diacetate
dye. The copper concentration in the 4T1 cells was detected by confocal microscopy. (D)
20 UM TTM, 20 pM polymer/ 10 uM CuCly, and their combination were incubated with
4T1 cells for 6 h, and the old medium was replaced with a fresh medium containing Phen
Green™ FL Diacetate dye. The copper concentration in the 4T1 cells was detected by
confocal microscopy. (E) 20 uM TTM, 20 uM polymer/10 uM CuCl,, and their combination
were incubated with 4T1 cells for 48 h. The cells” morphology was determined by a light
microscope.
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Poly/Cu induces lysosomal cell death. (A) 4T1 cells were treated with 20 uM Poly-Cy3 or
20 UM Poly-Cy3/10 uM CuCl; for 4 h. The uptake of PDA-PEG was detected by confocal
microscopy. (B) 4T1 cells were incubated with 20 uM Poly-Cy3, 10 uM CuCls, and their
combination for 12 h. The lysosomes of the 4T1 cells were labeled with Lysotracker
(green) and detected by confocal microscopy. (C) 4T1 cells were incubated with 20 uM
Polymer, 10 uM CucCls, and their combination for 24 h. The permeability of lysosomes was
determined by the confocal with the help of Acridine orange staining. (D) 4T1 cells were
treated with indicated drugs for 24 h, and the distribution of cathepsin D was detected by
immunofluorescent staining. (E) Different concentrations of Polymer combined with 10 uM
CuCl, were incubated with 4T1 cells for 12 h, ROS in the 4T1 cells was investigated with

a ROS detection kit. Different concentrations of Polymer combined with 10 uM CuCl, were
incubated with 4T1 cells for 48 h, the cleaved-PARP (F) and cleaved-caspase-3 (G) protein
expressions were analyzed by western blot.
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Pc?ly/Cu inhibits the function of the proteasome in 4T1 cells and prevents the degradation of
PD-L1. (A) 4T1 cells were treated with different concentrations of Polymer, 10 uM CuCl,,
and their combination for 48 h, the poly-ubiquitin protein expression was evaluated by
western blot. (B) Quantitative expression of Poly-ubiquitin after the treatments in (A). Data
are shown as means + SD. * p< 0.05, n=3. The 4T1 cells were treated with (C) Polymer
alone, (D) CuCl, alone, and (E) different concentrations of Polymer combined with 10 pM
CuCl, for 48 h, the 20 S proteasome was isolated from 4T1 cells, and the activity of 20S was
analyzed with different substrates. (F) 4T1 cells were treated with different concentrations of
Poly combined with 10 pM CuCl, for 48 h, and the PD-L1 protein expression was evaluated
by western blot. 4T1 cells were incubated with BTZ 100 nM for 48 h, and Poly-ubiquitin
(G) and PD-L1(H) protein expression were evaluated by western blot.
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Poly/Cu inhibits autophagy. (A) 4T1 cells were treated with different concentrations of
Polymer combined with 10 uM CuCl, and 500 nM Rapamycin for 24 h. The cell autophagy
was detected with the Cyto-ID kit. (B) 4T1 cells were treated with different concentrations
of Polymer/10 uM CuCl;, for 48 h, and LC3B-II protein expression was analyzed by western
blot. Data were represented as mean + SD (*P < 0.05). 4T1 cells were treated with 31.25 nM
Rapamycin combined with different concentrations of Polymer/10 uM CuCl, for 24 h, the
expressions of LC3B-1I (C) poly-ubiquitin (D) were determined by western blot. 4T1 cells
were treated with 3.125 uM CQ combined with different concentrations of Poly/10 uM Cu
for 24 h, and the expressions of LC3B-II (E) poly-ubiquitin (F) were determined by western

blot.
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Fig.6.
Poly/Cu induces ICD in 4T1 cells. 4T1 cells were treated with 10 uM Polymer/10 uM

CuCly, and 20 pM Polymer/10 uM CuCl; for 48 h, the expression of CRT on 4T1 cell
membrane was investigated by immunofluorescent staining (A) and flow cytometry (B). 4T1
cells were treated with different concentrations of Polymer/10 uM Cu for 48 h. HMGB-1
(C) and HSP70 (D) protein expression were analyzed by western blot. Quantitative analysis
of the expression of LC3B-II (d) and HSP 70 (F) in (C) and (E), respectively. Data were
represented as mean + SD (*P< 0.05).
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Fig. 7.

anD-Ll boosts the cell-killing effect of Poly/Cu in vitro. (A) 4T1 cells were treated with 20
UM Polymer/ 10 uM CuCl, combined with aPD-L1 (50 pg/ml) for 48 h, the cell viability
was determined by MTT. (C) The cell density of different treatment was recorded by
microscope with the help of live dye. 4T1 cells were pretreated with (E) or without (D) 20
UM Polymer/ 10 uM CuCl, for 48 h, and then treated with aPD-L1 (50 pg/ml), PBMCs
(E/T=30) or their combination for 5 days. Cell viability was evaluated by MTT assay (B), or
the cell density of different treatments was determined by microscope with the help of live
dye (D) and (E).
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Fig. 8.

lngvivo antitumor effect of the combinatory treatment. (A) The schedule of tumor
inoculation, drug administration, and therapy evaluation. (B) The tumor volume change
curve during treatment. (C) The survival time of the animals in different treatment groups.
(D) The body weight change curve during treatment. The tumor growth curves in control
(E), aPDL1 (F), Poly/Cu (G), and combinatory treatment (H) groups. The infiltration of
CD3" cells (1), CD4* cells (J), CD8™ cells (K), and proliferating cells (L) within tumor
tissue from different treatment groups detected with anti-CD3, anti-CD4, anti-CD8, and
anti-Ki-67 antibodies, respectively.
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