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Abstract The combination of chemotherapy and immunotherapy motivates a potent immune system by
triggering immunogenic cell death (ICD), showing great potential in inhibiting tumor growth and
improving the immunosuppressive tumor microenvironment (ITM). However, the therapeutic effective-
ness has been restricted by inferior drug bioavailability. Herein, we reported a universal bioresponsive
doxorubicin (DOX)-based nanogel to achieve tumor-specific co-delivery of drugs. DOX-based mannose
nanogels (DM NGs) was designed and choosed as an example to elucidate the mechanism of combined
chemo-immunotherapy. As expected, the DM NGs exhibited prominent micellar stability, selective drug
release and prolonged survival time, benefited from the enhanced tumor permeability and prolonged
blood circulation. We discovered that the DOX delivered by DM NGs could induce powerful anti-
tumor immune response facilitated by promoting ICD. Meanwhile, the released mannose from DM
NGs was proved as a powerful and synergetic treatment for breast cancer in vitro and in vivo, via
damaging the glucose metabolism in glycolysis and the tricarboxylic acid cycle. Overall, the regulation
of tumor microenvironment with DOX-based nanogel is expected to be an effectual candidate strategy to
overcome the current limitations of ICD-based immunotherapy, offering a paradigm for the exploitation
of immunomodulatory nanomedicines.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immune checkpoint blockade (ICB)-based immunotherapy has
emerged to revolutionize the traditional tumor treatment and
subvert the clinical research pattern, showing promising potential
in overcoming chemoresistance and improving the survival rate of
cancer patients' ™. However, the unfavorable patient response rate,
immune-related adverse events and expensive cost impeded the
development of ICB therapy” °. Recent evidence suggested that
cell death caused by certain treatment can induce tumor cells to
generate specific tumor immunity” ''. Such an immunogenic cell
death (ICD), characterized by releasing damage-associated mo-
lecular patterns (DAMPs) from dying tumor cells, was conducive
to promote antigen presentation and T-cell infiltration'? . To be
precise, the antigen-presenting cells (APCs) were inclined to
mature once the arrival of dying cells-produced DAMPs, thus
activating the effector T-cell to respond against tumor-specific
antigens'®'”. Then, the activated effector T cells were rapidly
transported into the tumor, and then infiltrated the tumor site,
recognized and killed cancer cells'®. In short, ICD can promote
the stimulation of immune cells against tumor, which can be
applied for tumor therapy.

Studies have demonstrated that ICD can be induced by doxo-
rubicin (DOX) for its certain immunomodulatory effects, thus
promoting the maturation of immune cells and ameliorating the
immune microenvironment'?~?'. Ulteriorly, ICD is characterized
by translocation and clustering of calreticulin (CRT) from tumor
cells to the cell membrane, which was recognized and phagocy-
tosed by dendritic cells (DCs), thus activating the anti-tumor
immune response’> >*. High mobility group box 1 protein
(HMGB1) in tumor cells also play a pivotal role in stimulating
antigen-presenting DCs, and secreting adenosine triphosphate
(ATP) to recruit DCs into tumor bed”>**°. Therefore, the induction
of ICD is an effective immunogenic therapy to prevent the
aggressiveness and metastasis of cancer.

Nanotechnology-based drug delivery systems (DDSs) exhibited
favorable tumor accumulation and deep tumor penetration®” >, which
performed superior therapeutic efficacy in camparison with conven-
tional medicines® . Nanogels (NGs) formed by intramolecular

cross-linking can integrate good biocompatibility, environmental
responsiveness, high stability and low toxicity into one single platform,
holding a great promise in designing tailored DDSs™ ", As we know,
tumor microenvironment (TME) shows various specific features such
as highly up-regulated reductive glutathione (GSH) or acidic micro-
environment™ *'. Therefore, it is an optimal choice to develop TME-
responsive NGs as DDSs for the treatment of malignancy*> .

Glucose metabolism through glycolysis in cancer cells was
significantly faster than normal cells on account of Warburg
effect’’ . The glycolysis of cancer cells can be suppressed by
glucose metabolism inhibitor (such as 2-DG), leading to cancer
cell apoptosis”'. Mannose is the only glyconutrient currently uti-
lized in clinic, which can be directly used to form glycoproteins
and participate in immune regulation. Zhang et al.”* reported that
mannose could activate transforming growth factor-8 (TGF-g)
signaling, thereby enhancing the production of Treg cells in T
cells. Mannose was engulfed by cells through the same transporter
as glucose, which may affect glucose uptake of tumor cells™.
Recently, Gonzalez et al.’* have confirmed that oral co-
administration of mannose and chemotherapeutic drug can
effectively facilitate tumor cell apoptosis in vitro and delay the
growth of tumor models in vivo, while mannose-loaded nano-
particles may accelerate cellular uptake and immune system
regulation®®. Therefore, we hypothesized that the delivery of a
large amount of mannose to the tumor site would be good adjuvant
therapy for chemotherapy, which may significantly inhibit tumor
growth, simultaneously improve the restriction on the immuno-
suppressive tumor microenvironment (ITM).

Herein, we reported a universal and versatile strategy for en-
gineering DOX-based NGs by conjugating hydroxyl-containing
DOX with hydroxyl-containing drugs via GSH-sensitive-SS- bond
as linker (Scheme 1). The formed NGs could release the loaded
drugs after being internalized into TME with high GSH concen-
tration for realizing combination chemo-immunotherapy. The
feasibility of cross-linking method has been proved in our previ-
ous work™. For further proof-of-idea, DOX-based mannose NGs
(donated as DM NGs) have been developed. Concretely, DOX
could perform chemotherapy to induce ICD of the tumor cells,
manifested by the released HMGB1 and exposed CRT to the cell
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Schematic illustration of bioresponsive doxorubicin-based mannose nanobackpack for cancer immunotherapy by enhancing ICD

induction. (A) Drugs that we tested for making DOX-based nanogels with high drug loading including docetaxel (DOC), paclitaxel (PTX),
irinotecan (CPT-11), gemcitabine (GEM), oxaliplatin (OXA), chlorin e6 (Ce6), purpurin 18 (P18), indocyanine Green (ICG), 10-hydroxy
camptothecin (HCPT), 5-fluorouracil (5-FU), 5-aminolevulinic acid (5-ALA) and mannose. (B) The synthesis process of DOX-based nanogel
and simplified mechanism mediated chemo-immunotherapy to inhibit tumor growth by up-regulation immunogenic cell death.

membrane surface to cause an anti-tumor immune response.
In vitro and in vivo experiments confirmed the superiority of DM
NGs over other formulation at an equalvalent DOX concentration.
In addition, the effects of DM NGs on TME modulation were
evaluated, including maturation of DCs and relief of exhausted
TIM3*PD-1" T cells. This GSH-responsive DM NGs could sys-
tematically regulate the TME and maximize the immune-
regulation effects of mannose, indicating the promising applica-
tion prospects in chemo-immunotherapy against solid tumors.

2. Materials and methods
2.1.  Synthesis of DM NGs

The DOX-based NGs was prepared by one-step cross-linking of
DBHD. Typically, 6 pmol of DOX and 11 pmol of mannose were
dissolved in 1.5 mL of the DMSO, 3 umol of DBHD dissolved in
0.15 mL of anhydrous DMSO and added to the reaction solution
under stirring. After that, 10 pL. of TEA was added in above
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solution and reacted at 55 °C for 12 h in the dark. Next, 2 pmol of
PEG-NH, dissolved in 1.5 mL of DMSO was added into solution
under stirring, and the reaction was continued for 12 h in dark.
Finally, the reacted DMSO solution was dialyzed against double-
distilled water in dialysis bag (MWCO = 3500) to obtain an
amphiphilic prodrug NGs. The DOX NGs and mannose NGs
(MAN NGs) were also prepared by above method. The drug
loading efficiency and encapsulation efficiency were calculated as
shown in Eqgs. (1) and (2):

Loading efficiency (%) = o
(Weight of loaded DOX / Weight of NGs) x 100

Encapsulation efficiency (%) =

2
(Weight of DOX / Weight of NGs in feeding) x 100 @

2.2.  Colloidal stability

To better study the stability of the NGs during treatment, the
particle size and zeta potential of DM NGs were measured by
dynamic light scattering (DLS, Nano ZS90 Malvern) after
dispersing for 15 days. Otherwise, the size and polydispersity
index (PDI) in different media [PBS or Dulbecco’s modified Eagle
medium (DMEM) containing 10% FBS] were also monitored.

2.3.  Drug release in vitro

High up-regulated GSH was a significant feature of tumor tissue.
To stimulate the redox conditions of tumor tissue, the DOX release
from DM NGs was evaluated under different GSH concentrations
in vitro. p,L-Dithiothreitol (DTT) was often used to simulate the
reduction status at the tumor site. Firstly, the DM NGs with the
concentration of 200 pg/mL were added into the dialysis bags
(MWCO = 3500) and co-incubated under physiological
(pH = 7.4) and redox conditions (10 mmol/L. DTT solution) for
72 h. At predetermined time points, the sample was collected and
replaced with different concentrations of DTT solution. Finally,
the concentration of DOX in collected samples were quantified
with a fluorescence microplate reader (Tecan, SPARK-10M).

2.4.  Cell culture

4T1 mouse breast cancer cells were cultured in DMEM supple-
mented with 10% FBS and 1% Pen/Strep. The cells were cultured
at 37 °C under 5% CO, atmosphere and subcultured after the cells
in the culture flask were almost confluent.

2.5.  Invitro cytotoxicity study

The cytotoxicity test was quantified according to the standard
3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide
(MTT) approach. Firstly, 4T1 cells were seeded in 96-well plate
with a density of 1 x 10* per well. After cell adherence, the old
DMEM was removed and replaced with fresh DMEM medium
containing free DOX, free mannose, MAN NGs, DOX NGs and
DM NGs, the group without treatment was used as control. Then
all the cells were incubated for 24 h. Thereafter, the DMEM
containing drugs were replaced with 100 pL of MTT solution and
incubated for another 4 h. Then the MTT solutions was removed

gently and replaced with 100 pL. of DMSO. Finally, the absor-
bance at 590 nm was recorded by a microplate reader.

2.6.  Live cell staining

To verify the cytotoxicity of different treatments, 4T1 cells were
seeded in 12-well plate (1.3 x 10° cells per well) and then
incubated with different drugs (free DOX, free mannose, MAN
NGs, DOX NGs and DM NGs). After incubating for 24 h (DOX
concentration: 10 pg/mL), the old DMEM medium was removed
and the cells were washed with PBS twice. Finally, the live cells
were visualized after co-staining with fluorescein diacetate (FDA)
for 30 min and observed with a fluorescence microscope
(Olympus, IX 73). The area occupied by live cells were measured
by Image-J software (NIH, USA).

2.7.  Wound healing assay

4T1 cells were cultured in 6-well plate until confluence. The
wound was made by sterilized 200 pL pipet tips, and then washed
with PBS twice to remove the displaced cells. The cells were
incubated with different drugs (free DOX, free mannose, MAN
NGs, DOX NGs and DM NGs) for 24 h (DOX concentration:
10 pg/mL), and the images were obtained at 0 and 24 h.

2.8.  Cellular uptake study

To evaluate the cellular uptake of DM NGs, the 4T1 cells were
seeded into 8-well plate with a density of 3 x 10* cells per well,
and incubated with DMEM overnight. Next, the cell was washed
with PBS twice and incubated with fresh medium containing DM
NGs for 4 h. Then the lysosomes was stained with Lyso-Tracker
Green dye for 45 min and then Hoechst33342 for 15 min.
Lastly, the photograph was collected by confocal laser scanning
microscope (CLSM, Zeiss 800). The CLSM was also used to
observe the distribution of DM NGs in 4T1 cell, 4T1 cells were
seeded into 12-well plate and cultured overnight. After the
adherence of cells, old medium was replaced with fresh medium
containing DM NGs (DOX concentration: 20 pg/mL). After the
cells were cultured with DM NGs for 1 and 2 h, old medium was
discarded and the cells were washed with PBS, fixed with para-
formaldehyde for 20 min and then stained with AF-488 for
45 min. Furthermore, the nucleus was stained with DAPI for
5 min. Finally, the fluorescence was observed by CLSM.
Furthermore, the fluorescence intensity of DOX in the cells was
also obtained by flow cytometry (FCM, NovoCyte 2060R, USA).
The cells were cultured as above description. The cells were
treated with free DOX, DOX NGs and DM NGs (DOX
concentration = 10 pg/mL) for 10, 30 min, 1 and 2 h, respec-
tively. And the cells without treatment were set as control. After
that, the 4T1 cells were digested, the phagocytic rate of the cells
was measured by FCM, and the intracellular fluorescence intensity
was also quantified.

2.9.  The GSH consumption in vitro

GSH was an active tripeptide naturally occurring in cells, which
played roles in antioxidant regulation, immune regulation and
redox signal regulation. GSH was rich in cancer cells and the
altered GSH level would make significant effects on chemo-
therapy. The ThiolTracker Violet was used to measure the con-
sumption of GSH in vitro. The DM NGs (DOX concentration:
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20 pg/mL) cover the 4T1 cells (with the density of 3 x 10* cells
per well) for 4 h. Afterward, the picture was obtained by CLSM.

2.10. Intracellular ATP evaluation

The 4T1 cells were seeded into 6-well plate (1 x 10° cells per
well) overnight. After treating with various drugs for another 36 h,
all the groups were incubated with ATP Assay Kit according to the
manufacturer’s recommended protocols. The group without the
treatment was set as control.

2.11.  Invitro penetration

Multicellular spheroids (MCSs) were obtained according to our pre-
vious report™. Briefly, the cell suspension was seed into the 96-well
plate (1 x 10% cells per well), and 50 pL of 1% TAE working solu-
tion was added in the plate wells. After incubating for about 5 days, the
MCSs were treated with DM NGs (DOX concentration = 20 pg/mL)
for 4, 8 and 24 h, respectively. Finally, the image was taken by CLSM.

2.12.  ICD induced by DM NGs in vitro

The intracellular HMGBI distribution and CRT expression on the
surface of tumor cells were evaluated by immunofluorescence
analysis. Briefly, 4T1 cells were seeded in 12-well plates
(3 x 10* cells per well). After cell adherence, the cells were
treated with the various drugs at an equavalent DOX concentration
(10 pg/mL) for 24 h. The cells were then washed with PBS twice,
and fixed with 4% paraformaldehyde for 20 min and per-
meabilized with 0.1% Triton X-100 for 20 min. Next, the cells
were blocked with 5% BSA, and then incubated with primary
antibody overnight. Lastly, the primary antibody was replaced by
the fluorescence labeled-secondary antibody for 30 min. The cells
were then stained with DAPI for 10 min and examined by CLSM.

2.13.  Animals and tumor models

All animal experiments were carried out and approved by the
University Committee on Use and Care of Animals (UCUCA) at
Southwest University. 5—6 week-old female BALB/c mice
(18—20 g, for evaluating biodistribution and therapeutic efficacy),
7-8 week-old female Kunming mice (30—35 g, for routine blood
test) and SD rats (180—220 g, for pharmacokinetic study) were
supplied by Chengdu Dashuo Experimental Animal Co., Ltd.
(Chengdu, China). The tumors of mice were established by sub-
cutaneous injection of 1 x 10° 4T1 cells.

2.14.  Pharmacokinetic and biodistribution studies

For pharmacokinetic study, the SD mice (180—220 g) were
randomly divided into two groups (n = 3) and intravenously
administered with free DOX and DM NGs at a dose of 5 mg/kg
via tail vein. At predetermined time points (0.33, 0.5, 1, 3, 5,7, 9,
12 and 24 h), the blood was collected from the eyelid of the mice.
Firstly, the collected blood samples were centrifuged at 664 x g for
10 min by Centrifuge (Sigma, Germany) to obtain plasma. 50 pL
of plasma was taken, and 150 pL of diethyl ether was added for
protein sedimentation. Subsequently, the mixed solution was
centrifuged for 10 min. Lastly, the concentration of DOX in
plasma was measured by fluorescence microplate reader.

To evaluate the biodistribution of DM NGs in the mice, a
fluorescence probe DIR was introduced into DM NGs by adding

the DIR to the nanogel. The DM-DIR NGs were synthesized with
the same method as DM NGs. The concentration of DIR was
quantified by a UV spectrum according to the standard curve line.
Then mice bearing tumor were randomly divided into 2 groups
(n = 3). And the mice were intravenously injected with DM-DIR
NGs and free DIR, respectively, via the tail vein at a DIR dose of
2.0 mg/kg. The photographs were obtained by using imaging
system (FX Pro, USA) at 6, 12, 24, 48 and 72 h. After 72 h, the
mice were sacrificed, the main organs and tumor tissues were also
analyzed using FX Pro to see the ex vivo fluorescence distribution.
The fluorescence of mice and organs were measured by Image-J
software.

The concentration of DOX in major organs and tumor tissues
were also measured. After injection for 72 h, the major organs and
tumor were collected, washed with saline and then homogenized
in 1 mL PBS containing 0.1 M NaOH and SDS. After that, 1 mL
of chloroform-methanol (4:1, v/v) was added to extract DOX.
Finally, the DOX concentration in tissue was measured by FT-IR
spectrophotometer after centrifuging to collect the organic phase.

2.15.  Invivo antitumor efficiency and biosafety

4T1-tumor-bearing mice were divided into six groups (n = 5 per
group) and received further intravenous administration: Groups 1:
control group (only intravenous injection with saline); Groups 2:
free DOX; Groups 3: free MAN; Groups 4: MAN NGs; Groups 5:
DOX NGs; Groups 6: DM NGs. The mannose dose in groups 3, 4,
6 was equivalent and set as 3.0 mg/kg. And the DOX dose in
groups 2, 5, 6 was equivalent and set as 5.0 mg/kg. The experi-
ment began after the tumor volume reached approximately
100 mm®. The tumor volume and body weight of mice were
recorded every other day, and the volumes were determined as
shown in Eq. (3):

Volume = 0.5 x (Length) x (Width) 3)

After 11 days of various treatments, the mice were sacrificed
and the tumor tissue sections and major organs were taken for
Hematoxylin—Eosin (H&E) staining. Meanwhile, the tumor tissue
section was further analyzed with TNUEL and Ki67 staining. In
addition, blood samples were collected to analyze the serum levels
of the alanine aminotransferase (ALT), aminotransferase (AST),
creatinine (CRE), urea nitrogen (urea), lactate dehydrogenase
(LDH) and alkaline phosphatase (ALKP). The saline group was
set as control.

2.16.  Immunohistochemistry (IHC) and immunofluorescence
analysis

Tissue microarray slides of each groups were used for IHC. The 4-pm
slides were put in 62 °C oven for 2 h, then deparaffinized, dehydrated,
followed by antigen retrieval citrate buffer (pH = 6.0) at high pressure
and high temperature. After that, we quenched the slides in 3%
hydrogen superoxide at 37 °C. Nonspecific binding was prevented by
blocking with 10% goat serum at 37 °C for 20 min. Slides for IHC
staining were incubated with anti-CDS (cell signaling technology) and
anti-granzym B (cell signaling technology) overnight at 4 °C. Before
staining, slides were incubated with secondary antibody and avidin-
biotin-peroxidase at 37 °C for 1 h. After incubating with 3,3'-dia-
minobenzidine tetrachloride, slides were counterstained using Mayer’s
hematoxylin. All treated slides were subsequently covered by cover-
slips. For immunofluorescence staining, slides were incubated in 10%
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goat serum at 37 °C for 1 h, primary antibodies: anti-HMGBI1 anti-
body or anti-CRT were applied to incubate overnight at 4 °C freezer.
The next day, slides were incubated with secondary antibody for 1 h
and stained with DAPI for 5 min (Alexa 594 anti-rabbit Invitrogen and
Alexa 488 Yeasen 34506ES60). All the IHC slices were scanned with
Panoramic DESK digital pathology scanner (3D HISTECH). And all
the immunofluorescence staining slices were scanned with CLSM.

2.17.  Flow cytometry analysis

Tumors and draining lymph nodes (DLN) of 4T1 mouse model
were collected and processed to single-cell suspension for flow
cytometric analysis. The cells were analyzed by FlowJo (Treestar,
Ashland, OR, USA).

2.18.  Hemolysis assay

The fresh blood was taken from the mice eyelids in EDTA-
anticoagulant tube. Then the fresh blood was centrifuged at
664x g for 15 min to collected red blood cells (RBC). The ob-
tained RBC was washed and diluted with PBS (pH = 7.4). Then
0.3 mL of RBC and 0.3 mL of different concentrations of DM
NGs (equavalent to 500, 200, 100, 50, 10, 5 and 1 pg/mL of DOX)
were cultured for 2 h. Furthermore, the 1% of Triton X-100 and
PBS (pH = 7.4) were served as positive and negative controls,
respectively. Finally, the samples were centrifuged and the
absorbance was measured by UV—Vis. The hemolysis rate was
calculated as shown in Eq. (4):

HemOlYSiS (%) = (Asample 7Anegative) / (Apositive 7Anegative) x 100
4

2.19.  In vivo toxicity evaluation

In order to study the side effects of different treatments on healthy
mice, the Kunming mice were randomly divided into 6 groups
(n = 4) and injected with different drugs through the tail vein
according to their weight (5 mg/kg). The body weight of mice was
recorded every day. Seven days later, blood was collected for
routine blood test and the major organs were collected for H&E
staining. The routine blood test was performed with Mindray BC-
2600 Vet hematology analyzer, in which the parameters included
white blood cell count (WBC), hematocrit (HCT), lymphocyte
ratio (LYM), red blood cell count (RBC), hemoglobin concen-
tration (HGB), variation coefficient of red blood cell distribution
width (RDW), mean corpuscular hemoglobin concentration
(MCHC), mean platelet volume (MPV) and platelets (PLT).

3. Results
3.1.  Preparation and characterization of DM NGs

To prepare prodrug NGs according to our design, a bioresponsive
crosslinking agent with disulfide bond and two nitrophenyl groups
was synthesized (denoted as DBHD), which could link small drug
molecules by hydroxy or amino groups, resulting in nano-sized
hydrogel. The successful synthesis of DBHD was confirmed by
"H NMR and '>C NMR spectra (Supporting Information Fig. S1—
S3). To obtain the expected prodrug NGs, a series of optimizing
indexes including molar ratio of drugs, solvents, pH value and
temperatures were detailed assessed (Supporting Information

Figs. S4—S5, Table S1). Finally, the prodrug NGs were prepared
in DMSO at 55 °C. The obtained prodrug NGs could be decom-
posed under reductive TME, thus releasing drug molecules for
therapeutic applications. To demonstrate the universality of DOX-
based NGs, a library of chemotherapeutics (e.g., docetaxel,
paclitaxel, irinotecan, gemcitabine, oxaliplatin, 10-hydroxy
camptothecin, 5-fluorouracil), photosensitizer (e.g., chlorin e6,
purpurin 18, indocyanine Green, 5-aminolevulinic acid), and im-
mune regulator (e.g., mannose) were screened. All the drugs that
we tested could form stable nanogel with DOX, with high drug
loading capacity. Such nanogel can be a promising plateform for
the encapsulation of diverse anti-cancer drugs (Supporting Infor-
mation Fig. S6).

To fabricate DM NGs, DOX and MAN molecules were
introduced into the DM NGs through the DBHD (Scheme 1). The
DOX NGs and MAN NGs were also synthesized with the same
method. The encapsulation efficiency and loading efficiency of
DOX in the DM NGs were 88.7 £ 3.2% and 58.7 £+ 4.5%,
respectively. The hydrodynamic diameter and zeta potential of
DM NGs were 86.08 + 2.87 nm (PDI = 0.25 £+ 0.04) and
—8.35 £ 0.57 mV, respectively. Kindly, the medium such as PBS
(pH = 7.4) and DMEM did not affect the hydrodynamic diameter
of DM NGs (Supporting Information Fig. S7), which was bene-
ficial to prolong the retention time in vivo. The morphology of DM
NGs was observed to be spherical by TEM (JEM-1230EX)
(Fig. 1A). Spherical morphology and near-neutral surface charges
would facilitate the circulation of DM NGs in the blood. The zeta
potential of MAN NGs and DOX NGs were also measured
(Fig. 1C). The DM NGs showed no obvious size and potential
change during the storage of 15 days, demonstrating that DM NGs
had good biological compatibility and stability (Fig. 1B). The
presence of DOX and MAN were confirmed by UV—Vis (Shi-
madzu Corporation, Japan), fluorescence spectra (Thermo Nicolet
6700 FT-IR, USA) and mass spectra (Bruker, Germany), respec-
tively (Fig. 1D and Supporting Information Fig. S8). The disulfide
bond in DM NGs would be broken upon the activation of high
GSH level in TME, thus drugs could be released from the DM
NGs (Fig. 1E). As depicted in Fig. 1F, nearly 20% of DOX was
released in PBS at 72 h. In contrast, about 75% of DOX were
released in 10 mmol/L DTT solution. Such selective release model
towards reductive TME would slow down the side-effects of
chemotherapy and burst forth.

3.2.  Cellular uptake and cytotoxicity in vitro

Time-dependent cellular uptake of DM NGs was demonstrated by
FCM analysis and CLSM. After the DM NGs entered into the
cells, the disulfide bond can be activated with the overexpressed
GSH in tumor cells thus releasing drugs. Compared with free
DOX group, the DM NGs can be effectively engulfed by tumor
cell, and a maximal phagocytosis could be obtained within 2 h
(Fig. 1G and Supporting Information Figs. S9 and S10). After-
wards, the CLSM was employed to evaluate the cell uptake and
drug distribution. Cellular colocalization experiment revealed that
the DM NGs successfully entered into lysosome. The location of
red fluorescence of the DOX was close to that of blue lysosomal
dye, with a high Mander’s coefficients of 0.84, indicating that the
DM NGs could be easily internalized by 4T1 cells (Fig. 1H and
Supporting Information Fig. S11). As shown in Fig. 1I and Sup-
porting Information Fig. S12, the fluorescence of intracellular
DOX gradually became stronger, suggesting that the DM NGs
could be effectively uptaken and accumulated in 4T1 cells.
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Next, it is essential to detect the intracellular GSH depletion by
the abundant disulfide bond of DM NGs. Thiol-Tracker Violet was
applied as a fluorescence probe to explore the consumption pro-
cess. As shown in Fig. 1J and K, bright green fluorescence was
observed in the control group, while the green fluorescence was
obviously decreased after the treatment of DM NGs in 4T1 cells,
demonstrating the effective consumption of GSH’*”’. The
depleting of GSH led to the disintegration of DM NGs structure
and the release of loaded drugs, thus inducing cell death. All
above results suggested that the DM NGs would be a promising
system for cancer therapy.

Then the cytotoxicity of the DM NGs was evaluated. As shown
in Fig. 2A, the viability of 4T1 cells was highly dependent on the
dosage of drugs. The free DOX showed strong toxicity to 4T1
cells, even at a low concentration of 0.1 pg/mL. Only about 70%
of the cells survived, while free mannose and MAN NGs were
almost non-toxic to cells at low concentrations. After the con-
centration of mannose reached 20 pg/mL, the cell viability of free
mannose and MAN NGs were about 85% and 75%, respectively.
At an equavalent concentration of DOX, the cytotoxic effects of
DM NGs were greater than that of DOX NGs, indicating that the

mannose may make certain killing effects on 4T1 cells. It might be
due to that mannose can affect 4T1 cell apoptosis through the
endogenous pathways of BAX and BAK (essential factors for
mitochondria membrance permeabilization), thus making 4T1
cells more sensitive to DOX’*. Another reason may be that DM
NGs exhibited faster cell phagocytosis than DOX NGs, consistent
with previous FCM results (Supporting Information Fig. S10).
In vitro cytotoxicity was further evaluated on 4T1 cells by cell
counting. After adding different drugs, the number of cells was
recorded for 24 h. As indicated (Supporting Information Fig. S13),
the variation tendency of number of cells treated with different
drugs was similar to that of the MTT assay. Free mannose and
MAN NGs also delayed the growth of 4T1 cells. At each con-
centration, the treatment of free DOX, DOX NGs and DM NGs
efficiently inhibited 4T1 cell proliferation and reduced cell
viability, indicating the high anti-cancer activity of above three
drugs. The cytotoxicity of various drugs were further examined by
fluorescence imaging of live cells using FDA, in which the live
cells were visualized as green fluorescence (Fig. 2B and C). When
the cells were incubated with free mannose and MAN NGs, the
cells grew in looser state than that of control group. The mannose
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Figure 2

Cytotoxicity and ICD studies of DM NGs in vitro. (A) Cytotoxicity of Free DOX, free MAN, MAN NGs, DOX NGs and DM NGs in

4T1 cells for 24 h. (B) Fluorescence images of 4T1 cells after treatments and FDA staining. (C) Area occupied by cells during live staining. (D)
and (E) Scratch-wound healing assay. CLSM examinations of HMGB1 (F) and CRT (H) release. Fluorescence intensity of HMGB1 (G) and CRT
(I) expressed. Data are presented as mean + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.

delayed the growth of 4T1 cells, suggesting the moderate inhibi-
tory effects. It was obvious that the free DOX, DOX NGs and
DM NGs groups showed the less area with green fluorescence,
indicating that nearly all the cells died. Finally, the cell migration
ability of different NGs were examined by wound healing
assay (Fig. 2D and E). At 24 h, the wound almost healed
completely in control group, while the wound was hardly healed
in the DM NGs. These results suggested that the DM NGs
made an excellent inhibitory effect on cancer cell proliferation,
enabling its a potential nanoagent for effective cancer treatment
in vivo.

3.3.  ICD induction of DM NGs in vitro

Recent studies have found that ICD could be induced with the
treatment of DOX, which was benefit for anti-tumor immune
response”*. The ICD was accompanied by the exposure of CRT
on cell membrane and the release of ATP and HMGBI. Various
treatments induced translocation of the HMGB1 from nucleus to
extracellular matrix, which were examined by immunofluorescence
analysis. HMGB1 was a danger signal which activated a series of
the related signaling pathways to promote tumorigenesis and pro-
liferation”” °. As shown in Fig. 2F the green fluorescence of all
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Data are presented as mean = SD (n = 3). *P < 0.05; **P < 0.01;

HMGB1 was located in the nucleus of control. The HMGBI release
was moderate after the treatment of free mannose and MAN NGs,
while it was more significant in DM NGs and free DOX-treated
groups. The mean intranuclear fluorescence intensity of HMGBI
in DM NGs-treated cells was much weaker than that of in control
group (Fig. 2G). CRT was another potent marker for ICD, which
served as a “eat me” signal of dying tumor cell and then induced
phagocytosis of APCs. Thus CRT expression level was an important
indicator of immune activation’' . As shown in Fig. 2H, DOX
was a potent chemoagent to induce robust CRT expression and ICD.
The fluorescence of CRT was significantly increased on cell
membrane of DM NGs group, compared with that of free mannose
and DOX NGs groups (Fig. 2I). Detection of ATP secretion also
found that DM NGs caused robust ATP release (Supporting Infor-
mation Fig. S14). These results demonstrated that DM NGs could
effectively induce the ICD, further enhance the antigen presentation
and DCs maturation for modulating the tumor immunogenicity.

*EEP < 0.001.

3.4.  Pharmacokinetics and biodistribution

4T1 tumor MCSs were employed to assess the tissue penetration
capability of DM NGs in vitro (Fig. 3A). After 4 h of incubation,
the weak red fluorescence of the DM NGs could be observed in
all the layer of MCSs. Upon incubation for 8 and 24 h, red
fluorescence were gradually distributed throughout the whole
spheroids and became stronger (Fig. 3B and C). Mean fluores-
cence intensity in 100 pm of MCSs also proved the deep pene-
tration capability of DM NGs in a time-dependent manner, which
may be resulted from the nanoscale of NGs (Supporting Infor-
mation Fig. S15).

The pharmacokinetics and biodistribution of the DM NGs were
evaluated in vivo. The biodistribution was then analyzed on the
mice bearing with 4T1 tumors. The DM NGs had no fluorescence
on its own, and DIR was applied as the fluorescence dye to label
the DM NGs (donated at DM-DIR NGs), with the free DIR as
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control. DM-DIR NGs had an almost same size as DM NGs,
indicating that the DIR had no influence on the formulation of DM
NGs (Supporting Information Fig. S16). The distribution of the
DM-DIR NGs in 4Tl tumor-bearing mice was observed. As
showed in Fig. 3D and the semiquantitative fluorescence intensity
analysis in Fig. 3E, the fluorescence intensity of tumor site
became stronger with time, reached the strongest value after 24 h,
indicating a strong enrichment effect of DM NGs at the tumor site.
The fluorescence intensity was gradually weakened after 24 h, but
strong fluorescence could be still seen at the tumor site, indicating
that the drug had strong retention effect, resulted in the prolonged
blood circulation time. On the contrary, the tumor homing ability
of the free DIR group was poor, which may be due to the easy
metabolite of free drugs through the kidney. After 72 h, the mice
were sacrificed, then the major organs and solid tumor were
dissected. As showed in Fig. 3F and Supporting Information
Fig. S17, there was strong fluorescence in the tumor treated with
DM-DIR NGs, but the free DIR was almost completely metabo-
lized, which was proved by the tumor section. The red fluores-
cence of the DIR was clearly observed in DM-DIR NGs group,
while almost no fluorescence was observed in free DIR group
(Fig. 3] and K). The concentration of DOX in tumor and major
organs were also measured by fluorescence spectrophotometer
(Fig. 3G). The accumulation of DOX in tumor was significantly
higher in DM NGs group, compared to that of free DOX group,
while the DM NGs and free DOX in the major organs showed
similar accumulation behavior. It might be related to the specific
uptake of NGs by tumor cells. Collectively, the DM NGs had the
characteristics of deep tumor penetration, long retention time and
favorable fluorescence imaging, enabling its applications in fluo-
rescence imaging-guided cancer therapy.

Given the excellent stability under physiological environment
and good tumor retention, the pharmacokinetics of DM NGs was
evaluated by determining the DOX concentration in the plasma.
As showed in Fig. 3H, the elimination half-life (#,,,) of DM NGs
and free DOX were evaluated with the pharmacokinetic model,
which were calculated to be 1.40 4+ 0.52 and 0.31 £ 0.04 h,
respectively. It could be clearly seen that the DM NGs prolonged
the blood circulation time of DOX, compared with free DOX. The
area under the curves (AUCs) of DM NGs was 10-fold higher than
free DOX, which proved the good retention ability of DM NGs.
The effects of DM NGs could last for a long time, attributed to the
nano-structure. Thus, the DM NGs exhibited both slower clear-
ance rate and longer circulation time compared to free drugs
(Fig. 31).

3.5.  Invivo antitumor efficacy

Based on the fact that DM NGs had outstanding inhibitory effects
on tumor cells, its efficacy was further explored on 4T1-tumor-
bearing mice. As shown in Fig. 4A, the intravenous injection was
repeated on Days 0, 3, 6 and 9. During the 11 days of treatments,
the average tumor volume in PBS-treated group was increased
from ~152 to ~1005 mm3, while DM NGs treatment showed
excellent tumor suppression rate, with a tumor weight loss of
~86% (Fig. 4B and C). It might be induced by the treatment of
mannose, which made the tumor cell more sensitive to DOX. The
administration of free DOX made certain antitumor effects on the

mice, in which the body weight was significantly reduced due to
the nonspecific distribution and fast clearance. The treatment of
free mannose and MAN NGs also inhibited the growth of tumor.
The tumor photos of different groups and tumor weight recorded
at the end of treatments (11 days) further demonstrated the
excellent synergistic therapeutic effects of DOX and mannose
(Fig. 4D and Supporting Information Figs. S19 and S20). The
body weight of mice in the free DOX group was significantly
decreased, while it was not noticeable in mice of all other groups
(Supporting Information Fig. S18). Furthermore, the survival time
of different groups was also evaluated. As shown in Fig. 4E, the
DM NGs can effectively prolong the survival time of mice, which
may be resulted from that DM NGs can ameliorate the immune
microenvironment. For H&E staining, the tumor tissues in control
group appeared to be more hypercellular, while the DM NGs-
treated group showed significant tumor cell necrosis. Mean-
while, the Ki67 staining demonstrated less cell proliferation in the
DM NGs. Additionally, TUNEL-staining showed that DM NGs
likely induced more tumor cell apoptosis/necrosis (Fig. 4F). The
quantitative Ki67 positive area and corresponding tumor cell
apoptosis index in different groups were shown in Fig. 4G and H,
respectively.

3.6.  In vivo immune response of DM NGs

Based on the significant therapeutic performance and prolonged
survival time in mice, we speculated whether the synergetic anti-
tumor effects of mannose and DOX were achieved by remodeling
TME and immune system. Improving the infiltration of T cells in
TME was essential for cancer immunotherapy. It was reported
that mannose could relieve the immunosuppressive state’".
Therefore, tumor and DLN tissues were collected after different
treatments for FCM analysis. Firstly, the number of T cells was
explored by FCM. As shown in Supporting Information Fig. S21,
the CD3™ cell population was gated from CD45™" cell population.
Then CD8" cell subpopulation was further gated. Further, the
expression of TIM-3 and PD-1 in CD8™ cells was quantified. The
total CD8" cell population was not changed in each group as
indicated by FCM and IHC (Supporting Information Figs. S22
and S23). Improved expression of PD-1 and TIM-3 in T cells
promoted T cell exhaustion®”®. The high expression of PD-1 and
TIM-3 indicated the exhaustion of T cells, and the reduced T cell
exhaustion meaned the improvement of the ITM. Both the PD-17
CDS8™ cell population and PD-1" TIM-3" CD8™ cell population
were detected from single-cell suspension obtained from tumor
and DLN. Interestingly, DOX NGs and DM NGs treatment
significantly reduced the rate of PD-1"TIM-3*CD8" T cells in
TME (Fig. 5A and B), compared with that of other group. It may
be due to the improved balance between efficacy and toxicity of
the nanomedicine (Fig. 5C—E). Above data suggested that TME
response of DM NGs could reduce the exhaustion of CD8" T
cell, thus regulating the TME and improving the antitumor
effects.

Furthermore, we explored whether DM NGs might react to T
cells, thus amplifying the immunoactivity of T cells in TME. As
reported, cytotoxic T cells functioned as a killer by secreting
enzyme Granzyme B. The IHC of Granzyme B confirmed the
increased immunoreactivity in free DOX, DOX NGs and DM NGs
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groups (Fig. 5F and G). Together, these results suggested that DM
NGs treatment could reinvigorate effector T cells. ICD, one of the
most efficient ways for cancer therapy, has been reported to play a
vital role in antitumor immune responses and promote immune
recognition of chemotherapy. In vitro experiment showed that DM
NGs treatment could induce robust ICD in 4T1 cells (Fig. 2F and
H). ICD activated the antitumor response by promoting the
maturation of DCs. Thus, the potent markers of CD80 and CD86
population could be applied to characterize the maturations of
DCs.

As the result, the population of CD80"CD86" DCs in DLN
was significantly increased in the DM NGs-treated group in
comparison to PBS group (Fig. 6A and B, Supporting Information
Figs. S24 and S25). As shown in Fig. 6C and D, compared with
control group, the DM NGs-treated group showed more yellow
fluorescence, indicating improved antitumor response. As APCs,
tumor-associated antigens (TAAs) can be transported into tumor
lymph nodes by CD103 cells, thus inducing robust CD8" T cells
to produce immune response®’. Furthermore, the DM NGs
significantly increased the CD103 expression of DCs compared

A ) Tumor ~=8 % Injection and measurement  Sacrifice _~ ¥ B
inoculation and analysis NG ~%
i 4 AR | °
| || - - - | ® o
Day -7 0 3 6 9 11 L
B Deep penetration and long retention in vivo
m& 1500 PBS 1500 Free DOX 1500 Free MAN 1500 MAN NGs 1500 DOX NGs 150 DM NGs
S
;’ 1000 1000 1000 1000 1000 1000
IS
b |
S | sw 500 500 / 500 500
> e —
off ol . glE==— = = =
g 0 5 10 0 5 10 0 5 10 10 0 5 10 0 5 10
'_
Time (day)
CA1500- -o- Control -~ MAN NGs D 100077 Sekek E
e - FreeDOX -o- DOX NGs D o0 - i |
E -o- Free MAN -e- DM NGs é * © 751
"o 1000 - = S
2 £ 600-] 2 -I]_
=] © ¥ =] 4
2 ; = 400 T
< 500 1 / 5 =
9] Q 4
£ — ] * |« £ 200 © 25 ]—\
= = [
2 ﬁ A 1
0 —T—T—T7TTTTTT7T T 0 T \L 5 1b 2IO 3|0 410 5b
1 3 5 7 9 11 ?%g . e RH & \\\(_:)%* $66\\ \466 .
Time (day) «@ xe N\a Time (day)
F G
PBS FreeDOX  FreeMAN ~ MANNGs ~ DOXNGs DMNGs  ®'° e
_— - - - 8 *kk
b= 10
o
=
G 5
8
N~
g o Q ﬁ o
~ H < ?‘ W 0
©
< ~ 100 ki
I Kk % *kk
< 80
[
E 60
_ 2 40
o
= g 20 [1]
z < ol l 11

S o‘l~ pﬁ G2, G®
Cee O w\«g&“ a

Figure4  Antitumor efficacy of DM NGs on balb/c mice bearing 4T1 tumor. (A) The therapeutic schedule, deep penetration and long residence
of DM NGs in vivo study. (B) Individual tumor growth curves and (C) average tumor growth curves after different treatments. (D) Average tumor
weight after 11 days of treatment in various groups. (E) Survival curves of model mice (n = 8). (F) H&E (upper panel), Ki67 (middle panel) and
TUNEL staining (lower panel) of tumor tissues after various treatments for 11 days. (G) Quantification of Ki67 proliferative cells ratio in panel.
(H) The corresponding tumor apoptosis index. Data are presented as mean = SD (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001.



462

Xianbin Ma et al.

A PBS Free DOX Free MAN
51.88 4418 | 33.52
o L
E MAN NGs DOX NGs DM NGs
35.18 1 29.66
PD-1
C
Free DOX Free MAN
A
o
©
(a)
[$]
o
<C
a
&
=
}_
o
o
9]
o
<C
o
D
g
> 3
©
(8]
c
|
Q
T
o
Q.
9
o
PD-1* cD8* CD8*PD-1*
F Free MAN
RV
- 8 T
S 4G
o
£
>
N
(=
g
o

Figure 5

B 80— TILin 4T1 tumor microenvironment
*

60 —

PD-1* TIM-3*
in CD8* Cells (%)

TIM-3*

CD8*

CD8*TIM-3*

Granzym B expression in 4T1 tumor tissue

kK

40 * _T_

30

*
20
10— | | | |
T F I F
E & & F &S

Q
((@e ((@z. @?ﬁ 00'\‘ o@

Histoscore of Granzym B (%)

Immune checkpoint PD-1 and TIM-3 expression on CD4" and CD8" T-cell subsets. (A) Representative flow cytometry data for

PD-1"TIM-3" CD8™" T cells in tumor. (B) Quantification of PD-1* TIM-3" in CD8™ cells. (C) Phenotype, distribution, and localization of TIM-
3% CD8™ T cells in 4T1 tumor tissue. The white arrow indicate activated T cell. (D) and (E) Quantification of two color immunofluorescence
staining. Expression (F) and quantification (G) of Granzym B in tumor tissue of different groups. Data are presented as mean &+ SD (n = 5).

*P < 0.05; ¥*P < 0.01; ***P < 0.001.

with other groups, indicating enhanced TAAs presenting and
improved tumor immunity (Fig. 6E—F and Supporting Information
Figs. S26 and S27). Then we studied the tumor-associated mac-
rophages (TAM) change in TME, and the DM NGs reduced the
number of TAM from 32.7% to 21.7% compared with control
group (Supporting Information Figs. S28 and S29). All these re-
sults suggest that DM NGs can induce robust T cell response,

which was conducive to awakening the immune system to fight
against tumors.

To further prove that ICD may cause the reinvigoration of T
cell and the maturation of DCs, ICD was characterized in 4T1
tumor tissues (Fig. 7A). The induction of ICD was further
confirmed by predominant nuclear expression of HMGBI1 in free
DOX group and DM NGs group (Fig. 7B and C). The DM NGs
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group significantly reduced cytoplasm expression as compared
with free DOX, MAN NGs and DOX NGs groups. As indicated in
Fig. 7D and E, CRT immunofluorescence was significantly
increased on membrane of dying 4T1 cells in DM NGs groups,
compared with MAN NGs and DOX NGs groups according to the
corresponding quantification results of mean fluorescence in-
tensity (MFI) (Fig. 7E). It indicated that the combination of DOX
and mannose in DM NGs might synergistically induce ICD as
well as remodeling TME. The ICD-induced DM NGs produced
better immunotherapeutic effects than free DOX, and the key
reason was that the DM NGs could be selectively accumulated at
the tumor site, leading to a reduction in systemic immunosup-
pression. These results collectively confirmed that DM NGs group
predominantly induced ICD, promoted DCs maturation and rein-

vigorated T cells, thus making anti-tumor effects and ameliorating
the TME.

Finally, the in vitro and in vivo toxicology were investigated
systematically, as well as the potential side effects. Firstly, the
compatibility of the DM NGs was verified by measuring the he-
molysis rate. The hemolysis rate was still less than 5% even when
the concentration of the DOX in the DM NGs reached 500 pg/mL,
indicating the excellent blood compatibility and micellar stability
of DM NGs, which was conducive to prolonging the blood cir-
culation (Supporting Information Fig. S30). After the healthy mice
received intravenous injection of different drugs, the weight
change of mice was negligible. The blood routine and H&E
staining also proved the excellent biosafety (Supporting Infor-
mation Figs. S31 and S33). The safety of our NGs was evaluated
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on 4T1 tumor-bearing nude mice after different treatments. As
shown in Supporting Information Fig. S34, treatment of free DOX
exhibited obvious abnormality of heart, indicated by the swelling
myocardial fibers and cardiomyocyte vacuolation. In addition, no
obvious histopathological abnormality was found in the DM NGs-
treated group. Furthermore, the blood levels of ALT, AST, CRE,
urea, LDH and ALKP were not significantly varied with those of
in control group, further confirming the safe application of
nanogel in chemo-immunotherapy.

4. Conclusions

In summary, we have reported a universal DOX-based bio-
responsive NGs to facilitate the combination of chemotherapy and
immunotherapy. DM NGs displayed prolonged blood circulation
and enhanced tumor accumulation compared with free DOX. DM
NGs could induce robust ICD, enhance the migration of CRT to

the cell membrane, stimulate DCs phagocytosis, release HMGBI1,
and promote specific T cell antitumor immunity. Meanwhile,
mannose released by DM NGs could impair the metabolism of
glucose in glycolysis and the tricarboxylic acid cycle, thus regu-
lating tumor metabolism and finally leading to the apoptosis of
cancer cells. Consequently, DOX-based NGs could be easily
extended to other small-molecule drugs besides of mannose re-
ported in this study. Taken together, this bioresponsive DOX-
based NGs strategy can systematically regulate the TME and
improve ITM, providing bright application prospects in chemo-
therapy and immunotherapy of solid tumors.
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