Acta Pharmaceutica Sinica B 2022;12(7):3139—3155

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com e

ORIGINAL ARTICLE

Engineering prodrug nanomicelles as pyroptosis L)
inducer for codelivery of PI3K/mTOR and CDK
inhibitors to enhance antitumor immunity

Qichao Yang®', Xianbin Ma"', Yao Xiao”, Tian Zhang”, Leilei Yang®,
Shaochen Yaqga, Mengyun Liang”, Shuo Wang®, Zhizhong Wu?,
Zhigang Xu”"*, Zhijun Sun™*

iThe State Key Laboratory Breeding Base of Basic Science of Stomatology (Hubei- MOST) & Key Laboratory of
Oral Biomedicine Ministry of Education, School & Hospital of Stomatology, Wuhan University, Wuhan 430079,
China

Key Laboratory of Luminescence Analysis and Molecular Sensing (Southwest University), Ministry of Education,
School of Materials and Energy & Chongqing Engineering Research Center for Micro-Nano Biomedical Materials
and Devices, Southwest University, Chongging 400715, China

Received 15 July 2021; received in revised form 2 November 2021; accepted 22 February 2022

KEY WORDS Abstract  Aberrant activation of oncogenic signaling pathways in tumors can promote resistance to the
antitumor immune response. However, single blockade of these pathways is usually ineffective because of

25322518; the complex crosstalk and feedback among oncogenic signaling pathways. The enhanced toxicity of free
S timuli—’responsive; small molecule inhibitor combinations is considered an insurmountable barrier to their clinical applica-
Immunotherapy; tions. To circumvent this issue, we rationally designed an effective tumor microenvironment-activatable
Targeted therapy; prodrug nanomicelle (PNM) for cancer therapy. PNM was engineered by integrating the PI3K/mTOR in-
Tumor microenvironment hibitor PF-04691502 (PF) and the broad spectrum CDK inhibitor flavopiridol (Flav) into a single nano-

platform, which showed tumor-specific accumulation, activation and deep penetration in response to the
high glutathione (GSH) tumoral microenvironment. The codelivery of PF and Flav could trigger gasder-
min E (GSDME)-based immunogenic pyroptosis of tumor cells to elicit a robust antitumor immune
response. Furthermore, the combination of PNM-induced immunogenic pyroptosis with anti-
programmed cell death-1 («PD-1) immunotherapy further boosted the antitumor effect and prolonged
the survival time of mice. Collectively, these results indicated that the pyroptosis-induced nanoplatform
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codelivery of PI3K/mTOR and CDK inhibitors can reprogram the immunosuppressive tumor microenvi-
ronment and efficiently improve checkpoint blockade cancer immunotherapy.

© 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

The success of immune checkpoint blockade (ICB) therapy in
patients with a wide variety of malignancies has revolutionized the
traditional treatment plan in clinical oncology practice'. Despite
the encouraging results, only a small fraction of patients shows
durable responses; most patients show nonresponse to ICB ther-
apy, especially in certain solid tumors”. One of the major factors
of tumor-intrinsic resistance to ICB therapy is the aberrant acti-
vation of multiple canonical oncogenic signaling pathways,
contributing to the formation of an immunosuppressive tumor
microenvironment® . Therefore, developing synergistic strategies
targeting dual or multiple oncogenic signaling pathways may
potentially reshape antitumor immune responses and enhance the
response rate of ICB therapy.

Oncogenic signaling is an important component of tumor im-
mune evasion, of which phosphoinositide 3-kinase (PI3K) and
cyclin-dependent kinase (CDK) signaling are the most potent
modulators of tumorigenesis and immune evasion®’. PI3K was
confirmed as one of the most frequently mutated genes in most
solid tumors, including breast cancer™. Activation of the PI3K/
Akt/mTOR pathway in tumor cells inhibits the cytotoxic effects of
tumor-specific T cells and decreases T cell trafficking into tumors,
which promotes resistance to T cell mediated immunotherapy'°.
PI3BK/mTOR inhibitors can propagate T cell-mediated antitumor
immunity by inducing MHC-I and MHC-II expression in tumor
cells to improve antigen presentation''. The results of single-cell
transcriptomic  analysis indicated that the CDK4/6-driven
signature was associated with immune exclusion and poor
response to immune checkpoint blockade'”. Furthermore, activa-
tion of the CDK-RbD signaling pathway usually compromises the
therapeutic effect of PI3K signaling inhibitors'®. Several studies
have shown that the combination of PI3K and CDK4/6 inhibitors
could overcome intrinsic and adaptive resistance, leading to tumor
regression'*'>. Therefore, combined targeting of oncogenic
signaling pathway-PI3K/mTOR and CDK may effectively lead to
tumor regression and modulate immunosuppressive tumor
microenvironment.

Pyroptosis, a kind of gasdermin-induced programmed cell
death that is characterized by cell swelling with big bubbles, pore
formation and cell content release, has been considered an
immune-stimulatory form of cell death that can activate antitumor
immunity and enhance the antitumor effect of ICB therapy'® '’
Existing studies have indicated that molecular inhibitors targeting
oncogenic signaling can elicit gasdermin E (GSDME)-induced
pyroptotic tumor cell death’”?'. Activation of the traditional
apoptotic marker cleaved caspase-3 can also function as a
pyroptosis regulator to selectively cleave GSDME to convert
apoptosis into pyroptosis, which depends on the expression levels
of GSDME in cells**. However, the pyroptosis induction ability of
targeted anticancer agents has been substantially underestimated.

Both PI3K/mTOR and CDK inhibitors can promote tumor cell
death by inducing the activation of the pyroptosis regulator cas-
pase-3%°. Consequently, we hypothesized that small molecule-
targeted drug synergistically inhibiting PI3K/mTOR and CDK
can induce pyroptosis in tumor cells, thereby enhancing the
antitumor efficacy of ICB therapy.

However, the activation of the PI3K/mTOR and CDK signaling
pathways is also found in normal tissues, which might contribute
to systemic toxicity and reduce the bioavailability of molecular
inhibitors>*>>. Furthermore, adjacent normal tissue and hemato-
poietic cells are prone to cytotoxic agent-induced pyroptosis
because of the widespread expression of gasdermins in normal
tissues”. Therefore, how to improve the tumor targeting ability
and reduce the side effects of small molecular inhibitors is an
insurmountable barrier to their clinical application®’. Stimuli-
responsive prodrug nanomedicine is an important drug delivery
system for achieving tumor-specific therapeutics, minimizing
systemic toxicity due to the exposure of healthy tissue to cytotoxic
agents”® *°. Furthermore, a nanoparticle-based cancer therapy
platform could be designed to modulate the immunosuppressive
tumor microenvironment and reduce untoward off-target side
effects”” *'. Significant inherent differences between the tumor
microenvironment and normal tissues can be readily exploited to
design a suitable responsive drug release system** "

In this study, tumor microenvironment (TME)-activatable
prodrug nanomicelle (PNM) was constructed by integrating the
PI3K/mTOR inhibitor PF-04691502 (PF) and the broad spectrum
CDK inhibitor flavopiridol (Flav) into a single nanoplatform
through a GSH-responsive crosslinker (DBHD). The designed
PNM showed tumor-specific accumulation, activation, release and
deep penetration in response to the high glutathione (GSH) tu-
moral microenvironment, efficiently inhibiting tumor growth,
alleviating myelosuppression and relieving the immunosuppres-
sive tumor microenvironment (ITM). Furthermore, PNM could
trigger GSDME-mediated immunogenic pyroptosis of tumor cells
to elicit a robust antitumor immune response (Scheme 1). More-
over, synthetic PNM improved the antitumor effect and prolonged
the survival time of anti-programmed cell death-1 («PD-1) ICB
therapy. In conclusion, we designed a GSH-responsive PNM-
enabled horizontal blockade of the PI3K/mTOR and CDK path-
ways, which would be a reliable and effective strategy to robustly
elicit pyroptotic cell death and improve antitumor immunotherapy.

2. Materials and methods

2.1. Materials and instruments

PF-04691502 (PF) (HY-15177) and Flavopiridol (Flav) (HY-
10005) were purchased from MCE (NJ, USA). MPEG-NH, was
purchased from Xian Ruixi Biological Technology Co., Ltd.


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

Engineering prodrug nanomicelles as pyroptosis inducer to enhance antitumor immunity 3141

PF-04691502

Scheme 1

Flavopiridol

N7
PEG
Pyroptosis
© DAWPs ‘ ;,
£ release 0 \?\}-_: é
) ’i’ - ’:" =
Immature DC Mature DC
N
_, Tim3} 4 PD-1mAb \ f__ DCt
 PD-11 W \\)‘”Q Treg}
Je i - 5
Effector T cell Exhausted T cell DLN

Reprogramming ¢
suppressive TME

Schematic illustration of the targeted anticancer PNM inducing pyroptosis and improving antitumor immunity. Flav and PF can form

stable prodrug nanomicelle (termed PNM) through the cross-linking of DBHD, which can be released in a high-GSH tumor microenvironment.
After inducing pyroptosis of tumor cells, PNM could effectively elicit an antitumor immune response and improve the antitumor effect of «PD-1

immunotherapy.

(Xian, China). RPMI-1640 medium, fetal bovine serum (FBS) and
penicillin/streptomycin (PS) were acquired from ThermoFisher
Scientific (Waltham, MA, USA). The in vivo anti-mouse PD-1
mAb (CD279) was obtained from BioXcell (West Lebanon, NH,
USA). The antibodies used in this study were as follows: p-
AKTS*73 [#4060, cell signaling technology (CST), Boston, MA,
USA], p-S6523%/236 (#4858, CST), CDK4 (GTX102993, GeneTex,
San Antonio, TX, USA), p-RbS87S811 (48516, CST), CDS8
(#98941, CST), Ki-67 (#12202, CST), Cleaved caspase-3 (#9664,
CST), granzyme B (#44153, CST), Foxp3 (#12653, CST),
GSDME (ab215191, Abcam, Cambridge, UK), HMGB1 (#6893,
CST), FVD (eBioscience, San Diego, CA, USA), anti-CD45-
APC-CY7 (BD Biosciences, Franklin Lakes, NJ, USA), anti-
CD3-PE (BD Biosciences), anti-CD4-FITC (eBioscience),
anti-CD8-PerCP (Biolegend, San Diego, CA, USA), anti-PD-1-
BV421 (Biolegend), anti-Tim3-APC(Biolegend), anti-CD11b-
FITC (Biolegend), anti-CD11c-FITC (eBioscience), anti-Ly6C-
APC (eBioscience), anti-Ly6G-PE (eBioscience), anti-CD80-PE
(eBioscience), anti-CD86-APC (eBioscience) and anti-Foxp3-
PerCP (eBioscience). All other chemicals were purchased from

commercial suppliers and used as received without further puri-
fication. The hydrodynamic diameter and surface potential were
determined by a size analyzer Nano ZS90 (Malvern, UK).
Morphological examination was performed with a JEOL 100CX II
TEM (JEOL, Japan). The absorption spectra of free drugs and the
PNM were measured by UV absorption spectroscopy (UV-1800,
Shimadzu, Japan).

2.2.  Cell culture

The 4T1 cells were cultured in RPMI-1640 medium (HyClone)
with 10% fetal bovine serum (FBS) and 1% antibiotics containing
penicillin and streptomycin at 37 °C in a 5% CO, incubator.

2.3.  Animals

Female BALB/c mice (6—8 weeks) were purchased from the
Hubei Provincial Center for Disease Prevention and Control
(Wuhan, China). All mice were housed in the specific pathogen-
free, light-cycled, and temperature-controlled facility of the
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Hospital of Stomatology, Wuhan University. All animal experi-
ments were approved and supervised by the Laboratory Animal
Ethical Committee of Hospital of Stomatology, Wuhan University
(S07919050G).

2.4.  Preparation of the PNM

The synthesis of DBHD was carried out according to previous
studies”'. Typically, 9 umol/L of Flav and 9 pmol/L of PF were
dissolved in 1.5 mL DMSO in a reaction tube. After 30 min of
stirring, 6 pmol/L of DBHD and 30 pmol/L TEA were dispersed in
0.15 mL DMSO dropwise into the reaction tube via a syringe
under stirring. Then, the reaction tube was transferred to a 55 °C
oil bath for 12 h in the dark, 6 pmol/LL MPEG-NH, was added to
react with the excess cross-linker DBHD for end-capping and
surface modification, and the reaction was continued for 12 h.
Finally, PNM was obtained through dialysis to remove unreacted
substances and DMSO in the reaction system. The potential and
particle size of the synthesized PNM in different media were
measured separately. Moreover, the stability of the particle size
during the treatment period was measured. The Flav and PF
loading efficiency and encapsulation efficiency were determined
by high-performance liquid chromatography (HPLC) and calcu-
lated by the following Egs. (1) and (2):

Loading efficiency (LE, %) = (Weight of Flav/PF in the PNM/
Weight of PNM) x 100 (1)

Encapsulation efficiency (EE, %) = (Weight of Flav/PF in the
PNM/Weight of Flav/PF in feeding) x 100 2)

2.5.  Invitro drug release

The dialysis method was applied to study the responsive breakage
of PNM in different mediums. The medium consisted of either (1)
pH 7.4, 0.01 mol/L PBS buffer, (2) pH 7.4, 0.01 mol/L PBS buffer
with 10 mmol/L. GSH. PNM solutions (1.0 mL, 0.1 mg/mL) were
transferred into dialysis bags (MW 3500) with 30 mL of such
medium. At different time points, 1 mL buffer was removed and
added to the same volume of the corresponding fresh buffer so-
lution. The release of drugs in different media was measured using
HPLC.

2.6.  GSH consumption

ThiolTracker Violet (405 nm excitation, 525 nm emission) was
used as the GSH consumption probe. First, 4T1 cells were seeded
into 12-well plates at a density of 1 x 10° cells per well and
incubated for 12 h. After all the cells were attached to the plate,
fresh medium containing PNM (PF = 0.6 pg/mL,
Flav = 0.6 pg/mL) was added and incubated at 37 °C for 4 h,
while the group without treatment was set as the control. Then,
the culture medium was removed, and ThiolTracker Violet
(Thermo Fisher) (20 pmol/L) was added to incubate the cells.
After 0.5 h of incubation, the cells were washed with PBS three
times and observed by confocal laser scanning microscope
(CLSM) (Olympus, Japan).

2.7.  MTT assays

First, 4T1 cells (1 x 10* cells/well) were seeded in 96-well plates
and cultured for 12 h. Then, the culture medium was removed, and

fresh medium with PF (0, 0.2, 0.4, 0.6, 0.8 or 1 pg/mL), Flav (0,
0.2, 0.4, 0.6, 0.8 or 1 pg/mL), PF + Flav and PNM (equivalent
dose of PF and Flav) was added. After incubation for 24 h, the
medium was replaced with fresh medium containing 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(0.5 mg/mL). After 4 h of incubation, 100 L. DMSO was added to
each well, and cell viability was evaluated by testing the absor-
bance at 570 nm.

2.8.  Penetration in 3D tumor spheroids

DIR-loaded PNM was synthesized to observe the distribution of
PNM in tumor cells and in vivo. After DBHD and TEA were
added to the reaction tube and the reaction was continued for 12 h
in a 55 °C oil bath, 30 uL DIR (10 mg/mL dissolved in DMSO)
was added to the reaction tube, and the reaction was continued for
12 h. After that, the MPEG-NH, was added to the mixture solution
and the reaction was continued for 12 h. Next, DIR-loaded-PNM
was obtained through dialysis. Multicellular spheroid (MCS)-
based 4T1 cells were prepared according to our previous
report’ . Briefly, after the 4T1 MCS was formed, the medium was
removed and fresh culture medium containing PNM-DIR was
added to the MCS and incubated for one, four and 24 h. Images
were obtained by CLSM.

2.9.  Cellular uptake performance of the PNM

First, 4T1 cells (1 x 10° cells/well) were seeded in 12-well plates
and cultured for 12 h at 37 °C. The medium was removed and
washed with PBS three times, and then fresh medium containing
PNM-DIR (PF = 0.4 pg/mL, Flav = 0.4 ng/mL) was added to
culture the cells for 10 min, 30 min, 1 h, 2 h and 4 h. The cell
uptake rate was evaluated by flow cytometry.

2.10.  Lysosomes colocalization assay

First, 4T1 cells (1.2 x 10° cells/well) were seeded in 8-well plates
and cultured for 12 h at 37 °C. The medium was removed and
washed with PBS three times, and then fresh medium containing
PNM-DIR (PF = 0.4 pg/mL, Flav = 0.4 pg/mL) was added.
After incubation for 1, 4, 6, 8 and 12 h, the cells were stained with
LysoTracker Green DND-99 and MitoTracker Green FM for
45 min, and the colocalization conditions were observed by
CLSM.

2.11.  Near-infrared fluorescence (NIFR) imaging and of
pharmacokinetic profiles DIR-loaded PNM

Since the drug does not have fluorescence that can be excited, DIR
was selected as a fluorescence probe to observe the distribution of
the drug in tumor-bearing mice. DIR-loaded PNM and free DIR
were injected into tumor-bearing mice (DIR, 1 pg/g per mouse)
through the tail vein, and in vivo fluorescence images at 12, 36, 60
and 84 h were obtained by an IVIS Lumina imaging station
(PerkinElmer, MA, USA). The main organs (heart, liver, spleen,
lung and kidney) and tumors of mice were collected after the mice
were euthanized, and measured by an imaging system.

To determine the pharmacokinetic profiles of PNM, 8 weeks
old SD rats were divided into two groups: free Flav and PNM
(Flav = 2.5 mg/kg, n = 3). After injection of free Flav or PNM,
we separately collected 0.5 mL blood samples from the rats at 0.5,
3,7, 24 and 48 h, and then the blood samples were centrifuged for
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10 min at the speed of 3000 rpm to acquire serum. After precip-
itating the protein with methanol, the concentration of Flav in free
Flav group and PNM group were detected by the HPLC-MS/MS
(AB SCIEX, MA, USA).

2.12.  Intercellular delivery of PNM-DIR

Intercellular delivery of PNM-DIR was utilized to better explain the
deep infiltration effect of PNM>2. 4T1 cells were seeded on cover-
slips (A, B, C in different wells) in 6-well plates, and then cells in
coverslip A were separately treated with PNM-DIR or free-DIR
(DIR = 0.9 pg/mL) for 8 h. The pretreated cells (in coverslips A)
were moved and washed with PBS for 3 times and then cocultured
with fresh cells (in coverslip B) for 24 h in fresh medium. The cells
(in coverslip B) were withdrawn and cocultured with fresh cells (in
coverslip C) for another 24 h in fresh medium. Then, the cells (A, B,
C) were fixed with formalin for 15 min and washed with PBS for
three times. At last, the slides were sealed by anti-quenching
mounting medium with DAPI and observed with CLSM.

2.13.  Western blotting analysis and cell supernatant collection

First, 4T1 cells were treated with PBS, PF (0.6 ng/mL), Flav
(0.6 pg/mL), PF + Flav and PNM (equivalent dose of PF and
Flav) for 24 h. After incubation, the cells were collected and lysed
in lysis buffer for 20 min on ice, and then centrifuged at 12,000 x g
at 4 °C for 5 min. The concentrations of proteins were measured
by a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai,
China). After denaturation, equal amounts of proteins were
separated by 10% SDS-PAGE gel electrophoresis and transferred
to polyvinylidene fluoride (PVDF) membranes (Roche Di-
agnostics GmbH, Mannheim, Germany). The membranes were
then blocked with 5% skimmed milk for 1 h and incubated
with primary antibodies at 4 °C for 12 h. After incubation with
the appropriate secondary antibody, the membrane was treated
with chemiluminescent substrates, visualized using a chem-
iluminescence Odyssey Imaging System (Odyssey, Bad Homburg,
Germany) to show the expression levels of proteins. Cell super-
natants were harvested in the FBS free medium to avoid distortion
of SDS-PAGE. After centrifugation to remove cell debris, cell
supernatants were concentrated 10-fold using Amicon Ultra
10 kDa filter (Sigma-Aldrich, MO, USA). Concentrated superna-
tants were mixed with loading buffer (Bio-Rad, CA, USA) and
analyzed by Western blotting.

2.14.  Antitumor effects of the PNM in vivo

To evaluate the antitumor effect of PNM, 4T1 cells (1 x 10° cells)
were subcutaneously inoculated into the right flank of each
BALB/c mouse to establish tumors. After seven days, when the
average tumor volume reached 80—100 mm?®, the mice were
randomly divided into five groups: PBS, PF (5 mg/kg, i.p.), Flav
(5 mg/kg, i.p.), PF + Flav (equivalent dose of PF and Flav, i.p.)
and PNM (equivalent dose of PF and Flav, i.v.). The prodrugs
were injected every four days for four cycles. The tumor volume
and body weight were recorded every two days, and the tumor
volume was calculated by the following Eq. (3):

V (mm?) = 1/2 x (Tumor length) x (Tumor width)? 3)

2.15.  Flow cytometric analysis

Flow cytometry was applied to characterize the change in immune
cell populations in the tumor, draining lymph nodes (DLNs) and
spleen, as previously reported”. Excised tumors and spleens were
processed by a gentle MACS Dissociator (Miltenyl Biotec, Teterow,
Germany) to obtain a single cell suspension, while the lymph nodes
were ground through a filter to obtain a single cell suspension. Then,
the cell suspension from the tumor was separated from Lymphoprep
(STEMCELL Technologies Inc., #07801, Vancouver, Canada) to
obtain mononuclear cells (including monocytes and lymphocytes).
The single cell suspensions were stained with antibodies according to
the manufacturer’s protocols. The gating strategy for flow cytometry
is shown in Supporting Information Fig. S1.

2.16.  In vivo combination of aPD-1 with the PNM

To evaluate the synergistic antitumor effect of PNM with aPD-1
immunotherapy, 4T1 cells (1 x 10° cells) were subcutaneously
inoculated into the right flank of each BALB/c mouse to establish
tumors. After 8 days, when the tumor volume was notable, the
mice were randomly divided into four groups: PBS, PNM (PF or
Flav = 5 mg/kg, i.v.), aPD-1 (5§ mg/kg, i.p.) and PNM+aPD-1
(equivalent dose of PNM and «PD-1). The tumor volume and
body weight were recorded every two days until mouse death or
the tumor volume reached 2500 mm?>.

2.17.  Immunohistochemistry and immunofluorescence

Paraffin-embedded excised tumors were cut into 4 pm thick sec-
tions for the following experiments. First, the sections were
deparaffined and rehydrated after baking at 60 °C for 2 h. Then,
the sections were placed in a pressure cooker with 0.01 mol/L
citric acid buffer solution (pH 6.0), and antigens were retrieved by
pressure cooking.

For immunohistochemical staining, 3% endogenous peroxi-
dase blocker was added to the tissues to quench endogenous
peroxidase and 10% goat serum was added to the sections to block
non-specific binding. Then, the sections were incubated with
primary antibodies. Thereafter, a secondary biotinylated IgG so-
Iution and an avidin-biotin-peroxidase reagents were incubated
with the sections, and then, 3,3’-diaminobenzidine tetrachloride
was added to detect the binding of these antibodies with their
specific antigens. Finally, the slides were counterstained with
hematoxylin for 1—2 min.

For immunofluorescence staining, 10% goat serum was added
to the sections to block nonspecific binding for 2 h. Then, the
sections were incubated with primary antibodies against CD11c
(#97585, CST), HMGB1 (#6893, CST) and CRT (#97585, CST)
from different species at 4 °C overnight. Next, the sections were
incubated with secondary antibodies against DyLight 488 or
DyLight 594 for another 2 h. After washing with PBS three times
in the dark, the sections were sealed with anti-quenching fluo-
rescent sealing tablets with DAPI. All sections were scanned with
a 3D HISTECH Pannoramic Midi scanner (3D HISTECH Ltd.,
Budapest, Hungary).

2.18.  Statistical analysis

GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA)
was utilized to analyze the data. Unpaired t test was applied to
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analyze statistically significant differences between two groups.
One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons and two-way ANOVA followed by Tukey’s
multiple comparisons was used to analyze statistically significant
differences between more than two groups. The results are pre-
sented as the mean =+ standard error of the mean (SEM) and
statistical significance was determined as P < 0.05 (*P < 0.05,
#*P < 0.01, ***P < 0.001).

3. Results and discussion

3.1.  Synthesis and characterization of PNM

First, to prepare tumor microenvironment-responsive PNM, we
synthesized GSH-responsive crosslinker of DBHD according to
our previous report, which can be used to deliver drug molecules
with amino and hydroxyl groups®'. Then, we used the GSH-
responsive crosslinker to crosslink the amino and hydroxyl
group-containing molecules PF and Flav to form a stable pro-
drug nanomicelle (termed PNM). The size and shape of the
resultant PNM were obtained by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). As shown in
Fig. 1A and Supporting Information Fig. S2, TEM images and
DLS clearly revealed that the PNM exhibited a spherical
morphology and an average homogenous hydrodynamic diam-
eter of 126.7 nm, which was favorable for its enrichment in
tumors through blood circulation®®. The polydispersity index
(PDI), hydrodynamic diameter and zeta potential of the PNM
showed a rational change within 9 days, suggesting that the
PNM was stable and convenient for storage and animal inocu-
lation (Fig. 1B and Supporting Information Fig. S3). Then, the
zeta potential of the PNM in water, PBS and plasma was
detected by DLS, and the results showed that there was no
obvious change in different media, further illustrating its sta-
bility (Fig. 1C), which was beneficial for avoiding phagocytosis

>
w

by macrophages and prolonging circulation. Furthermore, the
successful synthesis of the PNM could be confirmed by UV
absorption spectroscopy (Fig. 1D). The drug loading and
encapsulation efficiency were measured by high-performance
liquid chromatography (HPLC), while the resultant PNM dis-
played excellent PF and Flav loading efficiency
(PF = 28.92 4+ 2.11%, Flav = 29.33 4+ 1.42%) and encapsu-
lation efficiency (PF = 68.47 &+ 5.00%, Flav = 74.26 4+ 3.57%)
(Fig. 1E). All of these results indicated the high stability and
high drug loading of the PNM, which was conducive to its long-
term storage and large-scale preparation.

3.2. Drug release and GSH consumption

The responsive release of the PNM can avoid leakage in normal
tissues and improve its biological safety. According to our design,
the disulfide bonds distributed in the PNM can be activated by
high concentrations of GSH in tumor cells, which can be trans-
formed from stabilization to instability and eventually lead to the
release of two active drugs. Therefore, we further examined GSH-
triggered drug release from the PNM by simulating its release
behavior in vitro. As shown in Fig. 1F, the release of PF increased
to about 80% at 24 h in the presence of 10 mmol/L. GSH, indi-
cating the collapse of the nanomicelle in tumor cells. Such a high
releasing property could help achieve optimal drug-induced inhi-
bition in tumor sites and avoid unwanted systemic toxicity. The
dense disulfide bonds in the PNM could react with GSH to destroy
the redox equilibrium state in tumor cells to maximize the cyto-
toxic effect of the prodrug™. To verify the consumption of GSH in
tumor cells, we used ThiolTracker Violet to observe the con-
sumption of GSH in tumor cells. As shown in Fig. 2A, the green
fluorescence of cells treated with the PNM was darker, while
bright green fluorescence can be observed in untreated cells,
indicating the consumption of GSH, which can promote tumor cell
death by disrupting the redox balance.
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Figure 1

Physiochemical characterization of the PNM. (A) The average size of the PNM by DLS and TEM. (B) The long-term stability of the

PNM in size and PDI. (C) The zeta potential of the PNM in water, PBS and plasma. (D) The UV absorption spectrum of PF, Flav and PNM. (E)
The encapsulation efficiency and loading efficiency of the PNM. (F) The release profiles of PF in 10 mmol/L GSH and PBS. Data are shown as the

mean + SD (n = 3).
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3.3.  Cell cytotoxicity and tumor penetration of the PNM in vitro

We selected 4T1 cells for the following research due to the over-
activation of the PI3K/mTOR and CDK4/6 signaling pathways in
breast cancer’®. As shown in Fig. 2B, as expected, the combination
of the two free drugs could cause more tumor cell death compared
with single free drug, while the PNM showed stronger cytotoxicity
on tumor cells than the other forms of drugs, possibly due to
nanoparticle-accelerated or nanoparticle-augmented intracellular
transport, improved water solubility and controlled release. Spe-
cifically, the cell viability with the PNM at a concentration of
PF = 0.6 pg/mL just reached about 40%, while the other
groups reached about 70%, 75% and 50%, respectively. And based
on the cell cytotoxicity experiment, we have calculated synergy
coefficient (CI) of PF and Flav by using CalcuSyn (version 1.1.1).
As shown in Supporting Information Fig. S4, when fraction affected
(Fa) > 0.3704, the CI < 1, which indicated that PF and Flav have a
synergistic effect. Moreover, Western blotting assays were applied
to verify the combined inhibitory effect of the PNM on the PI3K/
mTOR and CDK4/6 signaling pathways in 4T1 cell. As shown in
Fig. 2C and Supporting Information Figs. SSA—E, although PF
reduced the expression of p-AKTS*"? and p-S65%*2%°_ the expres-
sion of p-Rb>3"S8!1 increased in the PF treatment group, indicating
compensatory activation of the CDK-Rb signaling pathway when
the PI3K signaling pathway was inhibited. And the combination of
PF and Flav significantly inhibited the expression of p-AKTS*7?, p-
S65%B¥235 and p-RbS37S81 - indicating the rational design of
combination therapy to overcome the adaptive resistance of targeted
therapy. Furthermore, the expression level of cleaved caspase-3
increased in the combination group and the PNM group, suggest-
ing that the rational combination of PF and Flav activated the
caspase-associated signaling pathway, which could efficiently
induce tumor cell death.

Complex delivery barriers in solid tumors severely impede drug
penetration in tumor tissues’°. The 4T1 MCS is often used to
simulate solid tumors in vitro because of its three-dimensional char-
acteristics; thus, MCS was established to observe the tissue penetra-
tion capability of the PNM. The fluorescence intensity in the MCS
gradually increased with time, and the red fluorescence was distrib-
uted throughout the spheroids, including the edge and center, after
24 h of incubation (Fig. 2D). The quantification of dynamic fluores-
cence intensity in 100 pm sections also showed the time dependence
of penetration through spheroids (Supporting Information Fig. S6A),
indicating the excellent tumor penetration property of the PNM which
will help improve the therapeutic effect of the prodrug on solid tu-
mors. Furthermore, intercellular delivery of PNM-DIR was applied to
better explain the excellent tumor penetration property of the PNM.
As shown in Supporting Information Figs. S7A and B, the PNM-DIR-
treated cells (coverslip A) showed widely distributed fluorescence
and the infected cells (coverslips B and C) still exhibited obvious red
fluorescence, indicating the PNM-DIR have the repeated infection
properties, which was favorable for the deep penetration property of
PNM in tumor.

3.4.  Cellular uptake of the PNM by 4TI cells in vitro

PNM labeled with DIR was first synthesized and measured by flow
cytometry (FCM) and CLSM to evaluate the cellular uptake ability
of the PNM in vitro. As shown in Fig. 2E, after 2 h of incubation
with PNM-DIR, the percentage of positive cells increased to
92.53%, and the mean fluorescence intensity in the cells gradually
increased, which indicated a gradual accumulation process of the

PNM in tumor cells (Supporting Information Fig. S6B). After
internalization by tumor cells, the PNM can be transported into
lysosomes and further transported to other organelles. If the PNM
cannot be transferred to other parts in the lysosome, it would result
in low delivery efficiency and poor therapeutic effects. Therefore, a
lysosome colocalization assay was applied to explore the behavior
of the PNM in tumor cells, which shown that the colocalization
coefficient of PNM and LysoTracker gradually decreases, indi-
cating that PNM could escape from the lysosome. After incubation
with PNM-DIR for 4 h, DIR fluorescence could be observed in
mitochondria of cells (Fig. 2F, Supporting Information Figs. S6C,
S6D, S8A and S8B), also indicating that the PNM can success-
fully escape to other parts of the cell from lysosomes.

3.5.  Biodistribution and therapeutic effect of the PNM in vivo

Although the PI3K/mTOR signaling pathway is a major onco-
genic driver implicated in 30%—40% of primary breast tumors’”,
the activation of PI3K is also required for T cell activation and DC
maturation®, indicating that an inhibitor should ideally be pref-
erentially targeted to tumor cells to avoid the unwanted effect on
immune cells. Therefore, the tumor microenvironment-responsive
ability of the PNM is important for reduced toxicity and enhanced
therapeutic efficacy. To visualize the tumor-targeting ability and
real-time distribution of the PNM, we labeled the PNM
with fluorescent molecule (DIR), and the IVIS spectrum was
used to investigate the distribution of the PNM in 4T1 tumor-
bearing mice. As shown in Fig. 2G and Supporting Information
Fig. S9A, fluorescence images showed that PNM accumulation
in tumors achieved the highest level at 36 h post-injection,
whereas free DIR in 4T1 tumors showed a weaker fluorescent
signal. At 84 h post-injection, fluorescence images of organs
(heart, liver, spleen, lung, kidney, tumor) showed that the PNM-
DIR mainly accumulated in tumors, whereas the fluorescent
signal of free DIR mainly accumulated in the lung (Fig. 2G and
Supporting Information Fig. S9B). Analysis of tumor tissues also
showed that PNM had deeper penetration than free DIR (Fig. 2H).
These results indicated that the prepared PNM had the ability to
enhance tumor aggregation and revealed its potential as an ideal
nanocarrier for the specific delivery of therapeutic molecules
in vivo. The pharmacokinetic profile of PNM was investigated by
intravenously injecting the PNM or free Flav. And as shown in
Supporting Information Fig. S10, the Flav in PNM exhibit higher
concentration and longer blood circulation in compared with free
Flav, consistent with the biodistribution behavior of PNM.
Encouraged by the superior tumor-targeting ability, we further
evaluated the in vivo antitumor efficacy of the PNM in 4T1 tumor-
bearing mice. The treatment schedule is displayed in Fig. 3A, and
the mice were randomly divided into five groups (PBS, PF, Flav,
PF + Flav and PNM) when the xenograft tumor was notable. As
shown in Fig. 3B and C, PF or Flav alone exhibited little tumor
inhibition, while the PF + Flav group showed more obvious tumor
growth suppression than the PBS-treated group, confirming the
synergistically enhanced therapeutic performance of combined
therapy in comparison with PF or Flav alone therapy. Moreover, the
tumor growth inhibition of the PNM was higher than that of the free
drug combination, partially attributed to an effective accumulation
of PNM at the tumor sites via the enhanced penetration and
retention (EPR) effect and tumor microenvironment responsive
release. A representative photograph and the corresponding weight
of each excised tumor also validated the outstanding antitumor
performance of the PNM (Fig. 3D and E). Furthermore, the mice in



Engineering prodrug nanomicelles as pyroptosis inducer to enhance antitumor immunity

3147

A  4T1 inoculation

PNM inoculation

Euthanasia Time (day)

Y \d Y \d
| i ] 15! L — ——
B
. Control PF Flav PF+Flav PNM
E 2.0 2.0 2.0 2.0 2.0
S 15 15 15 15 15
X
g 1.0 1.0 1.0 1.0 1.0
g 05 05 05 05 % 05
g pr - P g . . gl=— ___ ol ===
= 07 11 15 19 07 11 15 19 07 11 15 19 07 11 15 19 07 11 15 19
Time (day) Time (day) Time (day) Time (day) Time (day)
C D E
&~ 2000- -o— Control —~1.51 *k%
IS o * %k
E === PF : I
~ 4 <
g 1200 - Flav 21,04 :E =
£ g ATa
21000{ — PF+Flav iz . i: %
E * 20.5 ™ .
S 500{ —* PNM | 2 s
£ ~
=
T % T ST s T RO ——
Control PF FlavPF+Flav PNM N N N
Time (day) con° € @ ?(/’X'\a ?‘\\\
F G H
< 207 5 805 == e 3107 == .
= 18 < 60- 8
=) < x E
o 161 o < 61
= % 401 <
o 14' o 8 4'
g £l L3 2
121 S = 2 2 -
ol iy . = 0
07 9 1113 15 17 19 Control PF Flav PF+FlavPNM  Control PF FlavPF+FlavPNM
| Time (day) J
Ki-67
10001 =
w
[0)
T 2 800
[&]
8 6004
@
<
5 ~ 4001 é
X < 2001 é
0 T T T T T
Control PF Flav PF+Flav PNM Control PF FlavPF+Flav PNM
Figure 3  In vivo therapeutic effect of PNM in 4T1 tumor-bearing mice. (A) Schedule of establishment of the 4T1 tumor-bearing mouse model

and different treatments (n = 5). Individual (B) and average (C) tumor growth curves of the mice treated with PBS, PF, Flav, PF + Flav and PNM.
Tumor weight (D) and tumor image (E) of excised tumors. (F) Body weight variation curves of the mice with different treatment schedules.
Changes in lymphocyte (G) and monocytes (H) in the blood of the mice with different treatment schedules. (I) Representative pictures of HE

staining and Ki-67 staining in tumor sections of different groups (scale bar

mean + SEM (*P < 0.05; **P < 0.01; ***P < 0.001).

50 pum). (J) The Ki-67 histoscore. Data are shown as the



3148

Qichao Yang et al.

the PF + Flav group showed more obvious fluctuations in body
weight during therapy in comparison with those in the PNM group
(Fig. 3F), indicating that the prepared PNM can reduce the systemic
toxicity caused by combination therapy. At the end of antitumor
studies, we separately collected the blood serum and whole blood of
different groups of mice for blood biochemical analysis and blood
cell analysis. The concentrations of ALT, AST, CREA and UREA
in blood and hematoxylin and eosin (H&E) staining in normal
tissue (heart, liver, spleen, lung and kidney) showed no significant
differences among the different groups of mice, indicating that free
drug in combination or PNM did not cause significant damage
(Supporting Information Figs. SI1A-D and S12). However, the
blood cell analysis showed that free drug in combination signifi-
cantly reduced the number of lymphocytes, monocytes, white blood
cells and granulocytes compared with those of the PNM group,
indicating that synthesis of PNM reduced the myelosuppression
caused by the free targeted drug combination (Fig. 3G and H,
Supporting Information Figs. S11E and F). Reduced myelosup-
pression could improve patients’ tolerance to small molecular in-
hibitors, which prolonged the drug administration time and
strengthened the therapeutic effect. Furthermore, the synthesis of
PNM reduced the inhibition of lymphocytes in peripheral blood and
enhanced the inhibition of cancer cells, which would be a reliable
and effective rationale for combination strategies of PI3K/mTOR
and CDK inhibitors.

To further evaluate the therapeutic effect of PNM, we per-
formed immunohistochemistry and H&E staining on the tumor
tissue. As shown in Fig. 31, evident deformation and shrinkage of
the nuclei and destruction of membrane integrity were observed in
the PNM group compared with the intact membrane and plump
tumor cell nuclei in the control group (Fig. 3I). Then, we explored
the expression levels of p-AKTS*"3, p-$652*¥%%¢ CDK4 and p-
Rb3%7S8I1 in  different groups by immunohistochemistry. As
shown in Supporting Information Fig. S13, the expression of p-
AKTS73 p-865235/236 and p-RbS87S8!1 in the PNM group was
significantly reduced compared with that of the group treated with
free drug in combination, indicating the enhanced inhibition of the
PI3BK/mTOR and CDK signaling pathways in the PNM group.
Thus, this treatment could efficiently inhibit tumor cell growth and
survival, and reduce the activation of the PI3K/AKT/HIF-1«
pathway. Furthermore, the expression of HIF-1« and Ki-67 in the
PNM group was lower than that in the group treated with the free
drug in combination (Fig. 31 and J and Supporting Information
Figs. S14A and B), indicating the enhanced inhibition of cell
proliferation and relieved tumor hypoxia, which would be helpful
for T cell infiltration and improved antitumor immunity. Repre-
sentative immunohistochemistry of cleaved caspase-3 also indi-
cated that cell death in the PNM group was increased compared
with that in the group treated with the free drug in combination
(Supporting Information Figs. S14A and B).

3.6. PF combination with flav activated GSDME-dependent
pyroptosis

Pyroptosis is considered an immune-stimulatory form of cell death
that can activate antitumor immunity'®'”. Existing studies have
indicated that molecular-targeted therapies can elicit concurrent
apoptotic and GSDME-dependent pyroptotic tumor cell death®™>!.
Activation of the traditional apoptotic marker cleaved caspase-3

selectively cleaved GSDME to convert apoptosis into pyroptotic
cell death®'. Our research also indicated that the combination of PF
and Flav could induce enhanced expression of the pyroptosis
regulator cleaved caspase-3. Therefore, we explored whether PF in
combination with Flav could activate GSDME-mediated pyroptosis
(Fig. 4A). First, we used the collected tumor tissue for Western
blotting to explore the activation of GSDME, which could cause
pyroptosis of tumor cells. As shown in Fig. 4B and C, PF and Flav
individually induced the expression of the cleaved 32 kDa GSDME
fragment (GSDME-N) but to a lesser extent than the combination
and PNM treatments. The cytomembrane translocation of calreti-
culin (CRT), an “eat me” signal, could promote phagocytosis by
dendritic cells (DCs), thereby facilitating their tumor antigen
presentation and recruitment of cytotoxic T cells®>. The release of
high-mobility group protein Bl (HMGBI1) is known to
promote antitumor immunity by binding to toll-like receptor four
on DCs®, Then, we detected the expression of CRT and HMGBI1 in
tumor sections by immunohistochemistry. As shown in Supporting
Information Figs. SISA and B, the cytomembrane expression of
CRT was significantly increased in the PNM treatment group and
might promote the recruitment of antigen presenting cells in tu-
mors. The nuclear expression of HMGBI in the PNM treatment
group was significantly reduced, which indicated the release of
HMGBI from nucleus. These results indicated that the combination
of PF and Flav could promote the activation of antitumor immunity
by inducing immune-stimulatory cell death.

Given the diversity of cell components in the tumor microen-
vironment, the 4T1 cell line was utilized for in vitro experiments to
identify the pyroptosis-inducing ability of PF and Flav in cancer
cells. Pyroptosis is a kind of gasdermin-mediated programmed cell
death, that features transmembrane pore formation and cellular
swelling with big bubbles, causing the release of cell contents'®.
Therefore, we first observed the changes in cell morphology at
different times in different treatment groups. Here, we introduced a
pyroptosis index (PyD)*, calculated by Eq. (4):

Pyl (%) = (Pyroptotic cells with big bubbles/Total cells per snap
shot) x 100 4)

This method can better evaluate and quantify the pyroptosis-
induced ability of the prodrug. As shown in Fig. 4D and E, the
proportion of pyroptotic cell swelling with big bubbles gradually
increased and separately reached a peak at 20 h (Pyl = 16), 16 h
(Pyl = 27.7) and 20 h (Pyl = 34) in the PF, PF + Flav and PNM
groups. Furthermore, pyroptotic cells appeared earliest and were
more abundant in the PNM treatment group compared with the
other groups. Further, in order to better evaluate the morphology
of pyroptosis, we have used the SEM to observe the cell treated
with PNM, and the cell swelling with big bubble and pore for-
mation was displayed (Supporting Information Fig. S16). Then,
cell lysates were used for Western blotting to detect the expres-
sion of GSDME-N and cleaved caspase-3. We found that
PF + Flav and PNM treatment significantly increased the
expression of cleaved caspase-3 and GSDME-N (Fig. 4F), which
is responsible for pore formation in the cytomembrane®.
Thereafter, we detected the release of damage-associated mo-
lecular patterns (DAMPs), including HMGB1, CRT and ATP. As
shown in Fig. 4G and H, Western blotting analysis and immu-
nofluorescence of HMGBI indicated that the release of HMGB1
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Figure 5

Effects of PNM on T cell infiltration and exhaustion status. (A—C) Representative flow cytometric plots of CD8™ T cells in tumors

and Tim3" Tand PD-17 T cells in DLNs in each group. (D—F) Quantification of CDS8™" T cells in tumors and Tim3" T and PD-1" T cells in DLNs
in different groups (n = 5). (G) Representative immunohistochemical images of CD8 and granzyme B in tumor sections in different groups (scale
bar = 25 pm). Data are shown as the mean + SEM (*P < 0.05; ***P < 0.001).

in the cell supernatant in the combination and PNM treatment
groups significantly increased compared with that in the free drug
treatment group. Consistent with the results in tumor sections, we
also found the cytomembrane translocation of CRT in the com-
bination and PNM treatment groups (Supporting Information
Fig. S17A). As shown in Fig. 41 and Supporting Information
Fig. S17B, the PNM treatment showed a significantly increased

concentration of ATP in the cell supernatant, which could
mediate a “find me” signal in the tumor microenvironment to
promote effective antitumor immune responses®®. These data
suggest that the combination of PF and Flav could induce
GSDME-mediated pyroptosis in tumor cells to promote the
release of DAMPs, which might improve the tumor microenvi-
ronment and elicit an effective antitumor immune response.
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3.7.  Immune modulation of the PNM in tumor microenvironment DLNs and spleen. Within tumor tissues, the PNM induced a

50.15-+11.3% CD8" T cell infiltration ratio, which was 1.75-,
Inspired by the efficient oncogenic signaling inhibition and robust 1.5-, 1.68- and 1.4-fold higher than that of the PBS, PF, Flav and
pyroptosis-induced ability of the PNM, we further explored the PF + Flav groups, respectively (Fig. SA and D). The enhanced

influence of PNM treatment on the antitumor immune response by tumor infiltration of CD8" T cells in the PNM treatment group
analyzing the change of immune cell population in the tumor, was also verified by CD8 immunohistochemical examination of
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tumor sections (Fig. 5G). However, there was no increase in CD8"
T cells in spleen, indicating a limited effect on the systemic im-
mune response (Supporting Information Figs. S18A and B).
Furthermore, we also performed granzyme B staining in tumor
sections, which is responsible for cytotoxic T cell-medicated
tumor killing, and the result demonstrated that more granzyme

4T1 inoculation

aPD-1 inoculation

B-positive cells could be observed in tumor sections of the PNM
treatment group, indicating increased effector CD8" T cells in
tumors (Fig. 5G). These findings indicated that PNM treatment
cumulatively triggered adaptive antitumor immunity in vivo,
which was conducive to tumor control and potentiated T cell-
based ICB therapy.
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Improved antitumor effect of PNM in combination with aPD-1. (A) Schedule of 4T1 tumor establishment and PNM+«aPD-1

treatment (n = 7). Individual (B) and average (C) tumor growth curve of mice in different treatment groups (n = seven mice per group). (D) The

survival curve of mice in different treatment groups (n = seven mice per group). (E) Photographs of tumors at days 17 and 37 after the first
injection are shown. Data are shown as the mean £ SEM (**P < 0.01; ***P < 0.001).
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Exhausted T cells, featuring sustained high expression of im-
mune checkpoint molecules, including PD-1 and TIM3, are
dysfunctional T cell populations, that exhibit impaired effector
function and contribute to the immune evasion of tumors'. Within
the tumor tissues, although increased infiltration of CD8" T cells
was identified, we found that PNM treatment did not induce a
significant change in the PD1YCD8* T and TIM3TCD8" T cell
populations, which suggested a limited effect on reversing T cell
exhaustion of the PNM and might provide a rationale for
combining PNM with ICB therapy (Supporting Information
Figs. SI18A and B). Afterwards, although PD1"CD8% T and
TIM3*CD8" T cell populations took a small fraction in DLNs
compared with that in tumors, they were significantly reduced in
the DLNs of the PNM treatment group compared with the control
group (Fig. 5B, C, 5E and 5F), showing that the fragile immu-
nosuppressive microenvironment in the DLNs is more likely to be
reshaped.

Mature DCs play a crucial role in antigen presentation to T
lymphocytes, thus promoting intratumoral infiltration of CD8" T
cells. As shown in Fig. 6A and C, PNM-mediated targeted
therapy robustly facilitated 38.06 + 5.54% DC maturation
(CD80"CD86"/CD11c™) compared with 22.56 + 2.37% mature
DCs in the DLNSs in the control group, which indicated the initi-
ation of an adaptive immune response and improved antigen
presentation in the DLNs in the PNM group. The increase of
CD11c immunofluorescence in tumor sections in the PNM treat-
ment group (Fig. 6E) also demonstrated the increased infiltration
of DCs in tumors. The inhibition of CDK oncogenic signaling
could relieve the immunosuppressive microenvironment by
reducing the number of Tregs''. Herein, we observed that the
PNM group showed a reduced proportion of Treg (CD4*Foxp3*
T cell in CD45"% cell) in the DLNs, spleen and tumor from
11.08 £ 0.31%, 1453 £ 247% and 1558 = 1.8% to
7.90 £ 0.83%, 7.35% + 1.03% and 11.18 + 2.44% respectively,
which indicated that the immunosuppressive microenvironment
could be alleviated by PNM treatment (Fig. 6B and D, Supporting
Information Figs. S19A and B). The immunohistochemistry in
tumor sections also showed that the PNM treatment could
downregulate the expression of Foxp3, which could regulate the
development of Tregs and function as a biomarker of Tregs in
histology (Fig. 6E). Furthermore, we detected the impact of PNM
treatment on another important immunosuppressive cell popula-
tion myeloid-derived suppressor cells (MDSCs), which play a
prominent role in immunosuppression in tumors. We found that
the PNM treatment group had a reduced proportion of poly-
morphonuclear (PMN)-MDSCs (Ly6G"&" Ly6C~""°" in CD11b")
from 28.42 £ 3.44% to 16.19 % 3.48% in tumors, which might be
beneficial for relieving the immunosuppressive status in the tumor
microenvironment (Figs. SI9A and B). Overall, our research
indicated that the designed PNM could significantly inhibit
immunosuppressive cell populations, and efficiently promote DC
maturation and infiltration of T cells in tumors.

3.8.  The combination of PNM and aPD-1 improved the
antitumor efficacy

Motivated by the improved tumor microenvironment after PNM
treatment, we further explored its ability to potentiate T cell-
based checkpoint blockade therapy. The treatment schedule is
displayed in Fig. 7A, while PBS, aPD-1, PNM and PNM+aPD-1
were administered for three cycles in 4T1 tumor-bearing mice,
respectively. The tumor volume was calculated every two days by

a digital caliper until mouse death or the tumor volume reached
2500 mm®>.The tumor growth curve indicated that the combination
of the PNM with aPD-1 delayed transplanted tumor growth in
comparison with PNM and aPD-1 individual treatment (Fig. 7B
and C). Furthermore, we did not find significant body weight
fluctuation in the PNM+aPD-1 treatment group (Supporting
Information Fig. S20), indicating the safety of the combination
therapy. The survival curve indicated that the median survival
time of the tumor-bearing mice in the control group was 36 days,
while the mice in the PNM+aPD-1 treatment group survived
until the end of the experiment (50 days) (Fig. 7D). The pictures
of the mice in the different groups on Days 17 and 37 also showed
that PNM+aPD-1 treatment delayed tumor growth and prolonged
the median survival compared with PNM or aPD-1 treatment
alone (Fig. 7E). These founding identified that engineered PNM
could improve the therapeutic effect of aPD-1 and provide a
rationale for the combination of targeted PNM with ICB therapy
in cancer.

4. Conclusions

In conclusion, we report an effective tumor microenvironment-
activatable prodrug nanomicelle (PNM) that shows tumor-specific
accumulation, activation, release and deep penetration. For the
first time, we found that PNM codelivery of PI3K/mTOR and
CDK inhibitors can synergistically trigger GSDME-mediated
immunogenic pyroptosis of tumor cells to improve tumor immu-
nogenicity and DC maturation. We also introduced an innovative
concept pyroptosis index (Pyl) to better evaluate and quantify the
pyroptosis-inducing ability. This work also identified the syner-
gistic antitumor effect of targeted therapy inhibiting the PI3K and
CDK signaling pathways with aPD-1 immunotherapy and may
provide inspiration for overcoming ICB resistance.
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