UC Irvine
UC Irvine Previously Published Works

Title
Effective drug and shRNA delivery for synergistic treatment of triple-negative breast
cancer by sequentially targeting tumor hypoxia

Permalink
https://escholarship.org/uc/item/8xj3c5r9

Authors
Liu, Xuemeng
Sun, Jiajia
Gu, Jia

Publication Date
2023-08-01

DOI
10.1016/j.cej.2023.144271

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8xj3c5r9
https://escholarship.org/uc/item/8xj3c5r9#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Chemical Engineering Journal 470 (2023) 144271

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

Effective drug and shRNA delivery for synergistic treatment of e
triple-negative breast cancer by sequentially targeting tumor hypoxia

Xuemeng Liu ', Jiajia Sun ', Jia Gu, Lingyan Weng, Xueting Wang, Li Zhu , Qiangian Luo ,
Zhongping Chen

Institute of Special Environmental Medicine and Co-innovation Center of Neuroregeneration, Nantong University, Nantong 226019, People’s Republic of China

ARTICLE INFO ABSTRACT

Keywords:

Polymeric micelles

Tumor hypoxia
Hypoxia-responsive

Drug delivery

shRNA delivery
Triple-negative breast cancer

Clinical treatment of TNBC remains challenging, due to the lack of targeted therapies. As TNBC is highly hypoxic
with higher HIF-1a expression than other subtypes, we fabricated hypoxia-responsive polymeric micelles co-
loading drug and shRNA to treat TNBC by targeting hypoxic tumor microenvironment and subsequently tar-
geting overexpressed HIF-1a under hypoxia. The micelles were assembled from methoxy-polyethylene glycol
(mPEG) and poly-L-lysine (PLL) copolymer with AZO as a hypoxia-responsive bridge of mPEG and PLL. Once
exposed to hypoxia, AZO bridge was cleaved, resulting in the disassembly of the micelles for rapid release. In vitro
and in vivo results showed that the micelles enabled simultaneous delivery of drug and shRNA to hypoxic sites for
site-specific rapid release, facilitated by sensitive response to hypoxia; hypoxia-responsive shRNA delivery
effectively silenced HIF-1a and its downstream genes, which not only ameliorated the response of hypoxic tumor
to drug, but also modulated tumor microenvironment for further improved drug and shRNA delivery; as a result,
synergistic treatment of chemotherapy and HIF-1« targeted gene therapy inhibited the growth of primary TNBC
tumor and its distant metastasis in a murine model of orthotopic TNBC. Together with their good biocompati-
bility, hypoxia-responsive polymeric micelles thus emerged as a safe, effective, and universally applicable drug

and gene carrier for treatment of TNBC as well as other hypoxic tumors.

1. Introduction

Cancer represents a serious threat to public health and life. For
women, breast cancer (BC) accounts for 30% of all newly diagnosed
cancer and 15% of cancer-related death annually, ranking 1st in inci-
dence and 2rd in mortality globally, respectively [1,2]. Thanks to
remarkable progress in cancer screening and management, BC generally
has a good prognosis and survival rate. Triple-negative breast cancer
(TNBC) is a special subtype of BC, which lacks the expression of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor (HER-2). Compared with other types and sub-
types of BC, TNBC patients have a short median survival time of only
13.3 months [3] and a high mortality rate of more than 50% within 5
years after diagnosis [4]. Moreover, TNBC is highly invasive and almost
half of TNBC patients will experience distant metastasis, portending the
worst prognosis. Due to its special molecular phenotype, there is still no
molecular targeted therapy available for TNBC [5]. Therefore, cytotoxic
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chemotherapy using taxanes, anthracyclines, cyclophosphamide, plat-
inum agents, fluorouracil, or their combinations is currently the only
systemic treatment regimen for TNBC. However, its therapeutic
outcome is far from satisfactory. TNBC patients not only suffer from
serious systemic toxicity, due to high-frequency and high-dose regimen,
but also risk locoregional recurrence and distant metastasis following
treatment [6]. In some cases, chemotherapy even promotes TNBC
metastasis by activating specific signal pathways [7].

With continued advancements in understanding tumor biology, it is
accepted that as an indispensable component of tumor tissue functioning
as the soil for tumor cells, tumor microenvironment (TME) poses a
formidable obstacle to chemotherapy and other therapies. TME is
characterized by abnormal tumor vasculature, high interstitial pressure,
abundant stroma cells, and dense extracellular matrix, resulting in
ineffective drug transport to tumor sites, confined interstitial transport
within tumor, and limited uptake by tumor cells, consequently
contributing to therapeutic failure [8,9]. Altering feature and
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composition of TME using TME modulators that can modulate tumor
vasculature, extracellular matrix, and stroma cells can improve drug
extravasation and interstitial transport as well as reduce off-target up-
take by immune cells, ultimately benefiting chemotherapy and other
therapies [9,10]. Unfortunately, few of them have displayed positive
results in early clinical trials, due to the heterogeneity, complexity, and
interconnection of TME. In recent decades, nanoparticle-based drug
delivery system (NDDS) has been extensively developed to facilitate
drug delivery, achieved by improved pharmacokinetic performances,
passive drug accumulation through the enhanced permeability and
retention (EPR) effect, and nanoparticle-mediated tumor penetration
and cell uptake [11-13]. However, the outstanding clinical benefit of
NDDS seems to be reduced systemic toxicity. For example, albumin
bound paclitaxel (Abraxane) and PEGylated liposomal doxorubicin
(Doxil) only display a modest outcome in clinical cancer treatment when
compared with carrier-free formulations [14]. NDDS is also developed
as gene carrier for gene therapy to combat cancer including TNBC by
specifically regulating genes implicated in pathogenesis to produce a
positive therapeutic effect [15,16]. However, effective in vivo gene de-
livery remains challenging, which has hampered clinical translation.
Delivery obstacle posed by TME might still be the main reason for un-
satisfactory therapeutic outcome of conventional NDDS. Smart stimuli-
responsive NDDS that can respond to the intrinsic stimuli from TME,
such as acidic pH, high redox, and overexpressed enzyme, enabling
effective drug and gene delivery to tumor sites, are thus developed
[17,18].

Hypoxia is a prevalent feature of TME, as a result of improper bal-
ance between insufficient oxygen supply and rapid oxygen consump-
tion. Hypoxia-inducible factor 1 (HIF-1) pathway is activated under
hypoxia and HIF-la, oxygen-labile a subunit, is stabilized and
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overexpressed, enabling tumor cells to adapt to this harsh condition. It
has been widely evidenced that overexpression of HIF-1a induces a more
invasive and metastatic phenotype by promoting epithelial-
mesenchymal transition or activating its downstream pathways
involved in tumor angiogenesis, invasiveness, metastasis, and thera-
peutic resistance. Thereby, overexpressed HIF-la is considered as a
reverse indicator of tumor prognosis. On the other hand, given its
functions in tumor progression, HIF-1a emerges as a therapeutic target
with more than 100 clinical trials testing HIF-1a inhibitors as antitumor
agents [19].

Hypoxic TME causes a high reductive stress with overexpression of
some reductases, such as nitro and azo reductases, which triggers the
development of hypoxia-responsive NDDS with decorated hypoxia-
responsive moieties, such as nitroimidazoles and azo compound (AZO)
[20]. Our previous work validated that hypoxia-responsive NDDS was
capable of crossing TME and delivering its payload to hypoxic sites
through the process of stimulating, responding, disassembling, and
releasing, maximizing enhanced therapeutic outcome in vitro and in vivo
[21-24]. Especially, hypoxia-responsive NDDS could specifically release
its payload to where HIF-1a was overexpressed [21]. Therefore, it is
hypothesized that hypoxia-responsive NDDS is particularly valuable in
HIF-1a targeted cancer therapy. TNBC is highly hypoxic with higher
HIF-1a expression than other BC subtypes. Moreover, it is found that
HIF-1a regulates the complex biological process of TNBC, such as
glycolysis, angiogenesis, invasion, metastasis, and immune escape,
driving TNBC progression [25]. Therefore, targeting hypoxic TME and
targeting HIF-1a are of great significance in TNBC treatment. We herein
fabricated hypoxia-responsive polymeric micelles co-loading doxoru-
bicin (DOX) and short hairpin RNA (shRNA) that specifically targets
HIF-1a (shHIF-1a) for synergistic chemotherapy and gene therapy of
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Scheme 1. Hypoxia-responsive micelles co-loading DOX and shHIF-1a for synergistic chemotherapy and gene therapy of TNBC by targeting hypoxic TME and
targeting activated HIF-la pathway under hypoxia. The micelles were self-assembled from the copolymer composed of mPEG (blue segment) and PLL (green

segment) with AZO (yellow segment) as a hypoxia-responsive bridge.
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TNBC by sequentially targeting tumor hypoxia. It was expected that
hypoxia-responsive micelles could greatly facilitate DOX and shHIF-1a
delivery through sensitive response to hypoxia and subsequently effec-
tively silence overexpressed HIF-1a and its activated downstream genes
under hypoxia. Consequently, the micelles could modulate hypoxic TME
and maximize therapeutic outcome of DOX, inhibiting the growth of
primary TNBC tumor and its distant metastasis (Scheme 1).

2. Materials and methods
2.1. Chemical agents

Methoxy-polyethylene glycol-amine (mPEG-NH,, M,, = 2000) and
methoxy-polyethylene glycol-N-hydroxysuccinimide (mPEG-NHS, M,,
= 2000) were purchased from ToYongBio Tech. Inc. (Shanghai, China).
Sodium dithionite (NazS204), 4, 4-azodiphenylamine (azo compound,
AZ0), and doxorubicin hydrochloride (DOX-HCIl) were obtained from
J&K Scientific LTD (Beijing, China). shRNA plasmid was purchased from
Gemma Gene (Shanghai, China). Lipofectamine 2000 was obtained from
Glpbio (CA, USA). All other chemicals were from Sinopharm Chemical
Reagent CO., LTD. (Shanghai, China). All reagents were of analytical
grade and used as received. Millipore water was used in all experiments
unless otherwise indicated.

2.2. Synthetic procedures

2.2.1. Copolymer synthesis

Hypoxia-responsive copolymer composed of mPEG, AZO, and PLL
(mPEG-AZO-PLL) as well as non-responsive copolymer (mPEG-PLL) was
synthesized according to our previous work with a minor modification
[23]. The structure of mPEG-AZO-PLL and mPEG-PLL was verified by H
NMR spectra recorded on a 400 MHz NMR spectrometer (Avance III,
Bruker) using CDCl3 as solvent.

2.2.2. Synthesis of blank and DOX-loaded polymeric micelles

mPEG-PLL and mPEG-AZO-PLL copolymers were used to synthesize
non-responsive and hypoxia-responsive polymeric micelles (PMs and
AZO-PMs), respectively, via self-assembly technique. In a typical
experiment for the synthesis of AZO-PMs, 20 mg of mPEG-AZO-PLL was
dissolved in 2 mL of DMSO and 10 mL of water was added drop by drop
with vigorous stirring. The mixture was then dialyzed against water
(MWCO = 14000) for 24 h to produce blank AZO-PMs.

To improve loading efficiency, hydrophilic DOX-HCl was desalted
and obtained hydrophobic DOX was mixed with mPEG-PLL and mPEG-
AZO-PLL in DMSO to synthesize PMs/DOX and AZO-PMs/DOX,
respectively, according to the above-described protocol. Micelles in
suspension could be quantified by lyophilization.

2.2.3. Synthesis of DOX and shRNA co-loaded polymeric micelles

Negatively charged shRNA was bound to positively charged micelles
through electrostatic adsorption. In a typical experiment, 1 pg of shHIF-
la plasmid was mixed with 15 pg of AZO-PMs/DOX and the mixture was
slightly shaken for 30 min to produce DOX and shHIF-1a co-loaded
micelles (AZO-PMs/DOX + shHIF-1a). Similarly, shHIF-1a alone was
bound to blank micelles, producing PMs/shHIF-1a or AZO-PMs/shHIF-
1o

2.3. Characterization

2.3.1. Gel retardation assay

The binding of shHIF-1a with micelles was verified by agarose gel
electrophoresis. Synthesized shHIF-1a loaded micelles through above-
described protocol were loaded onto 1% agarose gel and electropho-
resis was performed in TBE buffer solution at 100 mV for 30 min. The
retardation of shHIF-1a was observed under UV light on a gel imaging
system (Tanon-4100, China). The ratio of shHIF-la to micelles was

Chemical Engineering Journal 470 (2023) 144271

varied (1:1, 1:4, 1:10, 1:15, 1:20, and 1:50, shHIF-1a/micelles, w/w) to
optimize shHIF-1a binding. The amount of shHIF-1a was fixed at 1 pg. In
another experiment, shHIF-1a loaded micelles were incubated in PBS
(pH 7.4) containing 50% fetal bovine serum (FBS) at 37 °C and at the
predetermined intervals (0, 2, 4, 6, 12, 24, 36, and 48 h), the retardation
of shHIF-1a was studied to evaluate serum stability of shHIF-1a loaded
micelles.

2.3.2. Size, surface charge, and morphology

The size and morphology of micelles were observed on a trans-
mission electron microscope (TEM, JEM-1230, Japan). Hydrodynamic
diameter, polydispersity index (PDI), and zeta potential of micelles were
investigated by dynamic light scattering technique (DLS, Zetasizer ZS90,
Malvern).

2.3.3. Drug loading

Drug entrapment efficiency (EE%) and loading capacity (LC%) of
micelles were determined by fluorescence method. Briefly, 100 pL of
DOX-loaded micelle suspension was added into 4.9 mL of methanol
solution. An ultrasonic cell pulverizer was then used to completely
rupture the micelles to release loaded DOX. Followed by centrifugation
at 5600 g for 10 min, the supernatant was collected and fluorescence
emission spectrum of DOX was recorded on a fluorescence spectropho-
tometer (CTO-10AS, SHIMADZU, Japan). DOX was quantified based on
a pre-established standard curve by plotting emission intensity (excita-
tion wavelength = 488 nm and emission wavelength = 560 nm) against
DOX concentrations (y = 122.14x + 31.4, R? = 0.9994). EE% was
defined as loaded DOX relative to initially added DOX (w/w), while LC%
was defined as loaded DOX relative to DOX-loaded micelles (w/w).

2.3.4. In vitro response to hypoxia

A chemical hypoxia (2 mg of NajS»04 in 2 mL of water) was
generated to mimic hypoxic TME. One milligram of blank micelles was
added into above hypoxic solution and sealed in a quartz cuvette for 12
h. The changes in characteristic peaks before and after hypoxic treat-
ment were recorded to study in vitro response to hypoxia on a UV-vis
spectrophotometer (UV-2401PC, Shimadzu).

2.3.5. In vitro hypoxia-responsive release

The method described in section 2.3.4 was also carried out to study
hypoxia-responsive DOX release. In a typical experiment, 1 mg of AZO-
PMs/DOX added into the hypoxic solution was transferred into a dialysis
bag (MWCO = 14000) and then dispersed in 30 mL of degassed PBS as
release medium with gentle stirring at 37 °C. Ny was bubbled into the
medium throughout the experiment. At the predetermined intervals
(0.5, 1, 2, 4, 6, 12 and 24 h), 1 mL aliquot of the dialysate containing
released DOX was withdrawn with equivalent fresh PBS added imme-
diately. DOX in the dialysate was quantified based on the pre-
established standard curve using fluorescence spectrophotometer. A
cumulative release curve was obtained by plotting cumulative released
DOX percentage against time.

Hypoxia-responsive shHIF-1a release was studied by gel retardation
assay. In a typical experiment, 10 pg of AZO-PMs/DOX + shHIF-1a was
added into the hypoxic solution and following the incubation for 4 h, the
solution was loaded onto 1% agarose gel for agarose gel electrophoresis,
as described in section 2.3.1.

2.4. Cell experiments

2.4.1. Cell culture

Human embryonic kidney cells (HEK-293 T) and human triple-
negative breast cancer cells (MDA-MB-231) were obtained from Cell
Resource Center of Institute of Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). MDA-MB-231 and HEK-293 T cells were
cultured in Leibovitz’s L-15 medium with L-glutamine (37°C, 100% air
atmosphere) and Dulbecco’s modified eagle’s medium (DMEM) (37°C,
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5% CO, atmosphere), respectively, containing 10% FBS and 1% peni-
cillin/streptomycin.

2.4.2. Construction and efficiency validation of shRNA

shHIF-1o targeting human HIF-la mRNA was designed and con-
structed by Genepharma (Shanghai, China). To get shHIF-1a with high
efficiency, different target sequences were designed (shHIF-1a-934,
shHIF-1a-1405, shHIF-1a-1067, and shHIF-1a-2637), which was sum-
marized in Supplementary Table S1. A scrambled non-silencing shRNA
(shNC) was designed as a negative control. The shRNA sequences were
integrated into pGPU6/GFP/Neo plasmid and then transfected into
HEK-293 T cells using lipofectamine 2000, according to manufacturer’s
protocol, to assess transfection efficiency. The silencing efficiency was
further validated by western blot and quantitative reverse transcription
PCR (RT-qPCR) with the protocol described below.

2.4.3. Intracellular hypoxia-responsive release

Hypoxia-responsive release was studied in 2D-cultured cell mono-
layers and 3D-cultured cell spheroids. General treatment protocols for
cell monolayers were as follows: MDA-MB-231 cells (2 x 10°) cultured
under normoxia were treated with different drug formulations (0.5 pg/
mL DOX or its equal volume) and subsequently incubated for 4 h under
normoxia for cell uptake. After washing twice with PBS to remove
uninternalized formulations, the cells were subjected to normoxia, fixed
hypoxia (1% O3), or gradient hypoxia for another 24 h for further
analysis. The fixed hypoxia was generated by a hypoxia incubator using
a hypoxia workstation ((INVIVO2, Ruskinn); the gradient hypoxia was
induced by placing a coverslip onto the cells cultured and treated in a
polystyrene/glass confocal dish (BDD011035, JET BIOFIL). Following
washing, the fluorescence from the cells was detected to study hypoxia-
responsive DOX and shHIF-1a release on a confocal laser scanning mi-
croscope (CLSM, TCS SP8, Leica) using DOX (488 nm laser and 560 nm
emission) and GFP channels (488 nm laser and 507 nm emission),
respectively.

For tumor cell spheroids, MDA-MB-231 cells dispersed in the me-
dium containing Matrigel matrix gel (2.5%, v/v) were added into a 384-
well U-bottom plate (1 x 10* cell/well), followed by centrifugation
(4 °C, 1000 g, 10 min). When growing as uniform sphere, tumor
spheroids were treated with different drug formulations (5 pg/mL DOX
or its equal volume). After 24 h incubation under normoxia (37 °C,
100% air atmosphere), tumor spheroids were carefully washed with PBS
and suctioned to a glass-bottom culture dish for fluorescence observa-
tion using CLSM. Tumor spheroids were allowed to attach for 30 min
before imaging. With the same treatment protocol, the volume of tumor
spheroids was monitored over time. Tumor spheroid volume was
calculated as V = (L x WZ)/Z, where L and W represented spheroid
length and width, respectively.

2.4.4. Invitro silencing efficiency of HIF-1a and its downstream genes

In vitro silencing of HIF-1a in protein level was assessed by cell
immunofluorescence and western blot. For immunofluorescence, MDA-
MB-231 cells were treated with different drug formulations (0.5 pg/mL
DOX or its equal volume) under normoxia and hypoxia for 24 h. The
cells were then fixed with 4% paraformaldehyde for 20 min, washed
twice with PBS, blocked with 10% BSA for 30 min, and sequentially
incubated with anti-HIF-la mouse polyclonal antibody (1:400,
MAB1536, R&D Systems,) in PBST overnight, its corresponding donkey
anti-mouse secondary antibody conjugated with Alexa Fluor® 647 nm
(1:500, AB150107, Abcam) for 1 h, and DAPI for 10 min. After rinsing
with PBS, the fluorescence of DAPI and HIF-1a was observed on the
CLSM using their corresponding fluorescence filters. For western blot,
the treated cells were homogenized with lysis buffer containing protease
inhibitor and centrifuged to collect protein. The protein was then
quantified using a BCA protein assay kit (Beyotime, Shanghai), sepa-
rated by electrophoresis with SDS-polyacrylamide gel, and transferred
to a PVDF membrane (Millipore, MA). The membrane was blocked in
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TBST containing 5% milk for 1 h and sequentially incubated in with anti-
HIF-1a goat polyclonal antibody (1: 2000, AF1935, R&D Systems) in
TBST overnight and donkey anti-goat secondary antibody (1:5000,
AB97110, Abcam) for another 1 h. Finally, the sample was detected by
enhanced chemiluminescence with B-actin as a control. Western blot
was quantified using ImageJ software.

In vitro silencing of HIF-1a and its downstream genes, such as
vascular endothelial growth factor (VEGF)and matrix
metalloproteinase-9 (MMP-9) in mRNA level, was assessed by RT-qPCR.
Total RNA was extracted from the treated cells using TRIzol™ (Ther-
moFisher, MA) and reversed to cDNA by a reverse transcription kit
(Vazyme, Nanjing) according to the manufacturer’s protocols. RT-qPCR
was performed using SYBR Green qPCR Master Mix (MCE, NJ) on a
StepOnePlus system (ThermoFisher, MA). The thermocycling conditions
were a three-step method with 40 cycles of 60°C — 72°C — 60°C. The
mRNA fold-change of HIF-la, VEGF, and MMP-9 was calculated by
Livak method and was normalized to f-actin. The primes used were
summarized in Supplementary Table S2.

2.4.5. Cell viability and cell migration

Following drug treatment and subsequent incubation under nor-
moxia for 4 h for cell uptake, as described in section 2.4.3, MDA-MB-231
cells were incubated under normoxia or hypoxia for 24 h for cell
viability assessment by MTT using an automatic microplate reader
(Synergy 2, Bio-TEK). In another experiment, MDA-MB-231 cells
cultured and treated in a 6-well plate were scratched using a 1 mL
pipette to generate a wound area. After further incubation under nor-
moxia or hypoxia for 24 h, the wounds were observed on an inverted
microscope. Cell migration ratio was defined as the reduced wound area
at 24 h post-treatment relative to the initial area. The wound area was
acquired by ImageJ software. DOX concentrations were 0.05 pg/mL for
MTT and 0.5 pg/mL for cell migration. It was noted that DOX concen-
tration used for 3D-cultured tumor spheroids (5 pg/mL) was signifi-
cantly higher than that for 2D-cultured cell experiments, because tumor
spheroids were more tolerable to drug.

2.5. Animal experiment

2.5.1. Murine model of orthotopic TNBC

BALB/c nude mice (6 weeks old, female) were supplied by Animal
Center of Nantong University and used in accordance with the protocols
approved by Animal Care and Use Committee of Nantong University.
One hundred microliters of MDA-MB-231 cell suspension (5 x 107 cells/
mL) placed on ice prior to use were inoculated into the left 4th mam-
mary fat pad of the mice. The mice were then housed in standard cages
and given free access to food and water.

2.5.2. Drug treatment

On the 21st day after cell inoculation, tumor-bearing mice were
randomly divided and intravenously received drug treatment every
three days for a total of five times. DOX dose was 3 mg/kg and corre-
sponding shHIF-1a dose was estimated to be 30 pg/mice. Tumor volume
of the mice was monitored every other day and survival situation of the
mice was checked every day. Tumor volume was calculated as V = (L x
W?)/2, where L and W represented tumor length and width,
respectively.

At 48 h after the last injection, all mice were euthanized and the
hearts, livers, spleens, lungs, kidneys, and tumors were harvested for
imaging in a small animal dedicated IVIS imaging system (Lumina II,
Caliper Life Sciences) to study hypoxia-responsive intratumoral release
by monitoring DOX fluorescence. Moreover, harvested tumors were
sectioned for immunofluorescence or homogenized for western blot and
RT-qPCR to investigate the expression of HIF-1a, VEGF, and MMP-9 in
protein and mRNA level according to the protocols described in section
2.4.4.

Harvested tumors as well the lungs with metastatic nodules were
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weighed, photographed, and then rinsed with PBS, fixed with para-
formaldehyde, embedded in paraffin, and cut into sections for haema-
toxylin/eosin (H&E) staining or Ki-67 immunohistochemistry. For Ki-67
immunohistochemistry, the sections were incubated with Ki-67 rabbit
polyclonal antibody (1:500, 28074-1-AP, Proteintech) overnight, fol-
lowed by incubation with biotinylated goat anti-rabbit IgG (1:1000,
AB6721, Abcam) for 30 min. All images were captured using a Leica
DM4000B microscope.

In another experiment, tumor-bearing mice intravenously received
drug treatment for only once. At 6 h and 12 h post-injection, the mice
were euthanized and some main tissues, including the hearts, liver,
spleens, lung, kidneys, and tumors, were harvested and treated to
determine DOX tissue distribution by high performance liquid chro-
matography (HPLC) using the protocol described in our previous work
[23].

2.5.3. Safety assessment

At 48 h after the last injection, blood samples were taken from the
orbit of treated mice to count white blood cells (WBCs), hemoglobin
(HGB), and platelets (PLTs) on an automatic hematology analyzer (BC-
2800, Mindray, Shenzhen). Harvested hearts, livers, spleens, and kid-
neys were weighed for organ index assessment and then sectioned for
histopathological examination by H&E staining. Organ index was
defined as organ weight relative to body weight.

2.6. Statistical analysis

All experiments were performed at least three times. Data were
analyzed by GraphPad Prism 8.3 software and presented as mean +
standard deviation (SD). Unpaired student’s t-test and one-way analysis
of variance (ANOVA) test were used to compare two groups and multiple
groups, respectively. A p-value below 0.05 (p < 0.05) was considered
significantly different.

3. Results and discussion

3.1. Synthesis of DOX and shHIF-1a co-loaded hypoxia-responsive
micelles

PLL-based cationic copolymers, such as PEG-PLL, have been widely
used for the delivery of drug and gene for cancer therapy [26]. However,
the high pKa value of PEG-PLL (pKa =~ 10), resulting in unsuccessful
endosomal/lysosomal escape, limits delivery efficiency, especially of
gene. One of promising strategies to enhance endosomal/lysosomal
escape is grafting other polymer segments onto PEG-PLL to lower pKa
value and another strategy is introducing responsive moieties into PEG-
PLL, enabling stimuli-responsive release [27]. In this work, we designed
PEG-AZO-PLL using AZO as a hypoxia-responsive bridge of PEG and
PLL. mPEG-NHS was utilized as starting material and AZO was conju-
gated with mPEG through the reaction of amino terminal of AZO with
NHS terminal of mPEG. Through ring-opening polymerization initiated
by the residual amino terminal of AZO, followed by the removal of
amino-protecting group, mPEG-AZO-PLL was synthesized. Similarly,
mPEG-PLL was also synthesized using mPEG-NHj, as starting material.
The detailed synthetic procedures as well as detailed information of
synthesized copolymers were presented in our previous work [23].

As amphiphilic copolymers with mPEG and PLL acting as hydrophilic
and hydrophobic segments, respectively, mPEG-PLL and mPEG-AZO-
PLL could self-assemble in aqueous condition, yielding PMs and AZO-
PMs. DLS results showed that blank PMs and AZO-PMs were of 133.7
nm and 143.3 nm, respectively, in hydrodynamic diameter with a nar-
row size distribution (Supplementary Fig. S1 and Table S3). Introducing
rigid AZO slightly increased micelles’ size. DLS results also demon-
strated that both micelles were highly positively charged, owing to
abundant amino groups from branched chain of PLL. Hydrophobic DOX,
a classic model drug with fluorescence imaging function, was loaded
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into micelles during the assembly process of copolymer, yielding PMs/
DOX and AZO-PMs/DOX. At the fixed ratio of DOX to copolymer (1:5,
w/w), EE% and LC% of PMs/DOX were 71.5% and 12.4%, while they
were 74.2% and 12.9%, respectively, for AZO-PMs/DOX. It is noted that
although hydrophilic DOX-HCI can also be loaded into micelles, EE% is
relatively low (<30%), indicating that DOX is loaded mainly through
hydrophobic interaction between DOX and PLL. This result also infers
that DOX is positively charged, as DOX-HCI can be successfully loaded
into negatively charged micelles through electrostatic interaction [28].
DOX loading partially covered the charge of PLL, leading to the slightly
reduced surface charge of PMs/DOX and AZO-PMs/DOX compared with
blank micelles. Moreover, it was observed that AZO-PMs/DOX had a
slightly higher EE% than PMs/DOX. The possible reason is that rigid
AZO impairs compactness of micelles, not only increasing micelles’ size
but also providing more inner space for DOX loading.

Silencing efficiency of shHIF-1a was strongly dependent on its target
sequence. Several shHIF-1a with different target sequences were trans-
fected into HEK-293 T cells using lipofectamine 2000 to validate effi-
ciency. As shown in Fig. 1A-C, all shHIF-la could be successfully
transfected into HEK-293 T cells and silenced HIF-1a overexpressed
under hypoxia; especially, shHIF-1a-1067 exhibited a relatively high
transfection efficiency and a desired HIF-1a silencing efficiency in pro-
tein and mRNA levels, and was thus selected for use. The selected shHIF-
la with negative charge was then electrostatically bound to the surface
of micelles. Gel electrophoresis results showed that at 1:10 of shHIF-1a
to micelles or a less ratio, all micelles could completely bind shHIF-1a
with the bands disappearing from gels [29]. Moreover, AZO-PMs/DOX
with reduced positive charge after DOX loading unexpectedly exhibi-
ted a high binding efficiency in comparison with blank PMs and AZO-
PMs, enabling a complete binding at 1:4 of shHIF-la to micelles.
Similar phenomenon was observed in the repeated experiments. It was
speculated that DOX loading altered the structure of micelles, as evi-
denced by significantly increased hydrodynamic size (Supplementary
Table S3), and thus facilitated shHIF-1a binding through spatial inter-
action. DLS results also revealed that the binding of shHIF-la had a
slight effect on the hydrodynamic size but a considerable effect on the
surface charge of micelles. For example, after shHIF-1a binding, the
hydrodynamic size of AZO-PMs/DOX + shHIF-1a slightly increased
from 179.0 to 192.5 nm, whereas the surface charge remarkably reduced
from 33.3 to 18.5 mV, due to charge neutralization effect of shHIF-1a. It
was noted that in terms of required amount of shHIF-1q, the ratio of 1:15
was used to synthesize all shHIF-1a single-loaded or co-loaded micelles.
Moreover, according to LC% of DOX in micelles, the ratio of shHIF-1a to
DOX in AZO-PMs/DOX + shHIF-1a was estimated to be 1:1.9 (w/w).
Supplementary Fig. S2 demonstrated that AZO-PMs/DOX + shHIF-1« as
well as AZO-PMs/shHIF-1a were of desired serum stability, showing no
shHIF-1a dissociation within at least 48 h. TEM image of AZO-PMs/DOX
+ shHIF-1a was shown in Supplementary Fig. S3.

AZ0 will undergo bio-reductive cleavage under hypoxia, leading to
the detachment of hydrophilic and hydrophobic segments of the
copolymer and subsequent disassembly of assembled micelles for
concomitant payload release (Fig. 2A). The reductive cleavage of AZO
under hypoxia was validated by UV-vis spectra. As shown in Fig. 2B-D,
AZO0 displayed one sharp peak at 392 nm with a shoulder peak around
430 nm and the peaks broadened after incorporated into micelles. After
treatment in the hypoxic reductive condition generated by NaS»04, the
two characteristic peaks disappeared, due to the cleavage of AZO.
Comparatively, AZO-free PMs had no characteristic peaks and displayed
no change after hypoxic treatment. TEM images further demonstrated
that PMs could maintain their intact spherical morphology, while intact
AZO-PMs were no longer observed after the treatment, evidencing
hypoxia-induced disassembly of AZO-PMs (Fig. 2E).

The disassembly of micelles will undoubtedly trigger payload
release. The cumulative DOX release profiles showed that DOX release in
AZO-PMs/DOX, quantified by DOX fluorescence, was remarkably
accelerated after hypoxic treatment, almost approaching a plateau at 6
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Fig. 1. Efficiency validation of shHIF-1a and its binding with micelles. (A) shHIF-1a transfection in HEK-293 T cells using lipofectamine 2000 as vector. HIF-1a
silencing efficiency in (B) protein level by western blot and (C) mRNA level by RT-qPCR. (D) The binding of the selected shHIF-1a with PMs, AZO-PMs, and AZO-
PMs/DOX in gel electrophoresis in different ratios of shHIF-1a to micelles (w/w). Data were presented as mean + SD (n = 3). *p < 0.05 and **p < 0.01.

h, and more than 80% of loaded DOX was released within 24 h; PMs/
DOX retained their payload with <20% of loaded DOX released,
regardless of treated or not (Fig. 2F). Moreover, AZO-PMs/DOX under
normal condition released more DOX than PMs/DOX, according with
the hypothesis that the introduction of AZO might impair the
compactness of micelles. It was noted that hypoxia-responsive DOX
release should be studied with AZO-PMs/DOX + shHIF-1a; however, it
was cost-ineffective with a large amount of shHIF-1a needed. Thus, this
experiment was only performed with AZO-PMs/DOX. For the same
reason, fluorescence quantitation method was not used to study
hypoxia-responsive shHIF-1a release, although it was tagged with GFP.
Hypoxia-responsive shHIF-1a release was ascertained by gel electro-
phoresis. As depicted in Fig. 2G, AZO-PMs/DOX + shHIF-1a as well as
PMs/shHIF-1a and AZO-PMs/shHIF-1a showed no bands under normal
condition, also indicating good binding stability of shHIF-1a with the
micelles; after hypoxic treatment, shHIF-1a bands appeared in AZO-
PMs/shHIF-1a and AZO-PMs/DOX + shHIF-1a groups, due to shHIF-1a
release and movement in the gels in responding to hypoxia. Moreover,
AZO-PMs/DOX + shHIF-1a showed almost the same bands with AZO-

PMs/shHIF-1a, demonstrating that DOX loading played no considerable
role in shHIF-1a dissociation from the micelles, although it facilitated
shHIF-1a binding, as discussed above.

3.2. Hypoxia-responsive release augments in vitro antitumor activity of
DOX through facilitated delivery and effective silencing of HIF-1a pathway

All following cell experiments as well as animal experiments were
executed in MDA-MB-231 cells, the most studied TNBC cell line.
Hypoxia-responsive release was firstly investigated in 2D-cultured cell
monolayers under a non-quantitative gradient hypoxia, generated by
placing a coverslip on the cells cultured in a confocal dish. While oxygen
is continuously consumed by cells, the coverslip prohibits the entering of
oxygen, thus generating a gradient hypoxia with oxygen gradually
decreasing from the edge to center of the coverslip [23]. CLSM images
showed that DOX fluorescence intensity of PMs/DOX remained the same
throughout the coverslip, while that of AZO-PMs/DOX increased along
with decreased oxygen, indicating that hypoxia-responsive release was
highly sensitive. Especially, GFP-tagged shHIF-1a in AZO-PMs/DOX +
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Fig. 2. Structural change of hypoxia-responsive micelles for DOX and shHIF-1a« release in responding to hypoxia. DOX and shHIF-1a were located in the hydrophobic
inner and on the surface of the micelles, respectively. (A) Schematic illustration of the response to hypoxia. UV-vis spectra of (B) AZO, (C) PMs, and (D) AZO-PMs
before and after hypoxic treatment. (E) TEM images of PMs and AZO-PMs before and after hypoxic treatment. (F) Cumulative DOX release of PMs/DOX and AZO-
PMs/DOX before and after hypoxic treatment. (G) Gel electrophoresis of naked shHIF-1a, PMs/shHIF-1a, AZO-PMs/shHIF-1a, and AZO-PMs/DOX + shHIF-1a. The
hypoxic reductive condition was generated by Na,S,04. Data were presented as mean + SD (n = 3).

shHIF-1a displayed the same release manner with DOX under the
gradient hypoxia (Fig. 3A). Hypoxia-responsive release was also inves-
tigated under a fixed hypoxia (1% O3). The result further corroborated
that hypoxia triggered the release of DOX and shHIF-1a from AZO-PMs
(Fig. 3B and 3C). These results generally suggested that AZO-PMs/DOX
+ shHIF-1a were capable of simultaneously delivering DOX and shHIF-
la to cells through nanoparticle-mediated uptake and simultaneously
releasing them in responding to hypoxia, although the payloads were
loaded through different mechanisms. As overexpressed azoreductase is
necessary to bio-reduce AZO and overexpressed azoreductase is reported
to be in the lysosome [30], it is thus deduced that hypoxia-responsive
release is triggered in the lysosome, which facilitated lysosomal/endo-
somal escape for effective delivery, especially of shHIF-1a. This deduc-
tion was solidly confirmed by transfection efficiency evaluation. As
shown in Fig. 3C and Supplementary Fig. S4, all micelles could suc-
cessfully transfect shHIF-1a into MDA-MB-231 cells and under hypoxia,
AZO-PMs significantly improved shHIF-la transfection -efficiency.
Moreover, lipofectamine 2000 was also used to transfect shHIF-1a and
however, exhibited a higher toxicity than AZO-PMs with contracted
morphology (Supplementary Fig. S5). Generally, PEG-PLL based mi-
celles have the advantages in low cost, good biocompatibility, and
flexible decoration for improved transfection efficiency and thus seem to

be a more reliable and versatile transfection vector.

Despite various methods developed to fabricate tumor cell spheroids,
they cannot perfectly mimic native TME, due to the lack of a number of
characteristics of TME, such as high interstitial pressure or microvas-
culature [31]. On the other hand, tumor spheroids possess some bio-
logically relevant features, including the presence of extracellular
matrix, multicellular arrangements, and resultant transport limitation
[32,33]. It is reported that transport limitation in tumor spheroids with
the diameter larger than 150 pm reduces oxygen diffusion, thus yielding
a typical zonation with a normoxic periphery and a hypoxic core [34].
Thus, tumor spheroids can at least partially simulate TME, serving as a
powerful in vitro model to evaluate tumor penetration and subsequent
hypoxia-responsive release. Fig. 3D showed the cross-sectional images
of the spheroids exposed to DOX, PMs/DOX, AZO-PMs/DOX, and AZO-
PMs/DOX + shHIF-1a with spheroid surface defined as O pm. Although
free DOX was a small molecule drug, it was unable to deeply penetrate
the spheroid and was mainly concentrated at the normoxic periphery.
This result was well in accordance with some previous work [35-37].
Loading DOX into micelles could facilitate its penetration into tumor
spheroid; however, the general DOX fluorescence intensity in PMs/DOX
still remained low throughout the spheroid, due to the shielding effect of
micelles. Comparatively, DOX fluorescence in AZO-PMs/DOX was
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visibly stronger in the hypoxic core than in the normoxic periphery,
indicating hypoxia-responsive release. Moreover, it is believed that
NDDS just facilitates drug penetration and is still unable to deliver it to
the deep core. The fact should be that the micelles to some extent
penetrated the spheroids and released DOX in responding to hypoxia,
and released DOX diffused inside the spheroids. This speculation could
be indirectly verified by the phenomena that strong DOX fluorescence in
PMs/DOX was only scattered, while it was relatively concentrated in the
core in AZO-PMs/DOX (Fig. 3D). Importantly, AZO-PMs/DOX + shHIF-
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la exhibited the strongest DOX fluorescence among all groups with
strong DOX and shHIF-la fluorescence distributed throughout the
spheroid. Moreover, DOX fluorescence intensity at the surface of
spheroid (z = 0 and 10 pm) was comparable for AZO-PMs/DOX and
AZO-PMs/DOX + shHIF-1a and however, in the deep of spheroid (z = 30
and 40 pm), the fluorescence intensity of AZO-PMs/DOX + shHIF-1a
was visibly higher than that of AZO-PMs/DOX. This result strongly
suggested that effective shHIF-1a delivery could further improve tumor
penetration, which would be discussed later.
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As AZO-PMs facilitated shHIF-1a delivery under hypoxia, their high
efficiency in silencing HIF-1a was predictable. Cell immunofluorescence
revealed that HIF-1a was also expressed under normoxia (Supplemen-
tary Fig. S6) and was overexpressed under hypoxia. Overexpressed HIF-
1la was found to translocate from cytoplasm to nucleus, which probably
was an indication of the activation of its downstream genes [38]. PMs/
shHIF-1a as a conventional transfection vector could silence overex-
pressed HIF-1a in protein level and however, the efficiency was unsat-
isfactory. As expected, AZO-PMs/shHIF-1o exhibited a significantly
improved HIF-1a silencing efficiency under hypoxia in comparison with
PMs/shHIF-1a (Fig. 4A and B). Western blot also confirmed this result
(Fig. 4C and D). Moreover, there was a significantly elevated expression
of HIF-1a after treatment with AZO-PMs/DOX + shHIF-1a under hyp-
oxia although such a phenomenon was not observed under normoxia,
indicating that DOX might upregulate HIF-1a expression under hypoxia.
To verify it, AZO-PMs/DOX group was additionally added in the
following RT-qPCR. RT-qPCR results matched cell immunofluorescence
and western blot quite well (Fig. 4E). Especially, AZO-PMs/DOX
remarkably upregulated HIF-la expression in mRNA level under
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hypoxia, contributing to a higher HIF-1a expression of AZO-PMs/DOX
+ shHIF-1a than that of AZO-PMs/shHIF-1a. The regulation of DOX on
HIF-1a expression is found to be conflicting. DOX was used as a HIF-1a
inhibitor in some cases [39], while it was reported to upregulate HIF-1a
in the most of cases. Despite undetermined cutoff point, which should
vary among different cell types, we ascertained that the regulation of
DOX on HIF-1a actually depended on DOX concentration, showing an
upregulation effect at a low concentration but a silencing effect at a high
concentration (data not shown). This finding also suggests that HIF-1a
overexpression induced by low-dose DOX treatment might be one of the
mechanisms accounting for rapid resistance of hypoxic TNBC to DOX
[40]. Vascular endothelial growth factor (VEGF) and matrix
metalloproteinase-9 (MMP-9) are the two downstream genes of HIF-1a,
which mediate tumor angiogenesis, invasion, and metastasis [41]. RT-
qPCR further validated that VEGF and MMP-9 expression was in posi-
tive correlation with HIF-la expression and AZO-PMs/shHIF-1a
exhibited the best VEGF and MMP-9 silencing efficiency (Fig. 4F and G).
Of course, DOX was also responsible for the elevated VEGF and MMP-9
gene expression in AZO-PMs/DOX + shHIF-1a. These results generally
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Fig. 4. Hypoxia-responsive release for effective silencing of HIF-1a and its downstream genes. (A) HIF-la expression after treatment under hypoxia by immuno-
fluorescence and (B) corresponding quantitative analysis. (C) HIF-1a expression in protein level after treatment under normoxia and hypoxia by western blot and (D)
corresponding quantitative analysis. (E-G) HIF-1a, VEGF, and MMP-9 expression in mRNA level after treatment under hypoxia by RT-qPCR. The cells were treated
with PMs/shHIF-1a AZO-PMs/shHIF-1a AZO-PMs/DOX, and AZO-PMs/DOX + shHIF-1a. DOX concentration was 0.5 pg/mL. Data were presented as mean + SD (n

= 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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verified that AZO-PMs could facilitate gene delivery for effective
silencing of HIF-1a and its downstream genes through sensitive response
to hypoxia. Moreover, together with the above result that AZO-PMs/
DOX + shHIF-1a had an improved tumor penetration capacity in com-
parison with AZO-PMs/DOX (Fig. 3D), it was conjectured that silencing
HIF-1a and its pathway modulated hypoxic TME and thus greatly
facilitated tumor penetration.

HIF-1a is the master regulator of the adaptive response of tumor to
hypoxia [42]. A meta-analysis of 91 HIF-1u target genes revealed that up
to 20 different pathways were regulated by HIF-1a and these pathways
interconnect, developing a complex network [43]. Due to inter-
connected HIF-1a pathways, the functions of HIF-1a are complicated
and even opposite in different stages of cancer progression [44],
resulting in the clinical results of HIF-1a targeted therapy alone being
below expectation. Thus, up to date, there are no approved HIF-1a in-
hibitors yet. Nonetheless, accumulating evidence has verified that
silencing HIF-1a can significantly boost therapeutic outcome of existing
treatments [45,46]. Given the vital role of HIF-1la in TNBC, HIF-1a
targeted gene therapy in combination with chemotherapy is believed to
be promising for the successful treatment of TNBC [47].

In vitro antitumor activity of free DOX, PMs/DOX, AZO-PMs/ DOX,
and AZO-PMs/DOX + shHIF-1a was first evaluated by MTT. AZO-PMs/
DOX + shNC was additionally added as a negative control. MTT assay
revealed that the toxicity of AZO-PMs/DOX was equal to that of PMs/
DOX under normoxia and was significantly augmented under hypoxia,
attributing to hypoxia-responsive release for a high effective dose.
Remarkably, while a similar toxicity was observed in AZO-PMs/DOX,
AZO-PMs/DOX + shHIF-1a, and AZO-PMs/DOX + shNC under nor-
moxia, AZO-PMs/DOX + shHIF-1a displayed a higher toxicity than the
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other two groups under hypoxia, strongly identifying that effective HIF-
la silencing sensitized the cells to DOX (Fig. 5A). MTT assay also
revealed that the toxicity of blank micelles was neglectable, regardless
of normoxia or hypoxia, indicating their good biocompatibility (Sup-
plementary Fig. S7). Wound-healing assay was then carried out to
valuate the inhibitory effect of different drug formulations on tumor cell
migration, an essential prerequisite for invasion and distant metastasis
of tumor cells. The result was well consistent with that in MTT assay and
AZO-PMs/DOX + shHIF-1a also significantly inhibited tumor cell
migration under hypoxia in comparison with the other formulations
(Fig. 5B and C). Improved antitumor activity of AZO-PMs/DOX + shHIF-
la was further ascertained by monitoring the growth of tumor spher-
oids. As shown in Fig. 5D and E, the spheroid without treatment grew
fast over time and PMs/DOX treatment only delayed its growth, despite
facilitated tumor penetration. After treatment with AZO-PMs/DOX and
AZO-PMs/DOX + shNC, the growth of the spheroids was inhibited,
showing a tendency to shrink. As expected, AZO-PMs/DOX + shHIF-1a
significantly inhibited the growth of the spheroid in comparison with
AZO-PMs/DOX. As a similar antitumor activity was found in AZO-PMs/
DOX and AZO-PMs/DOX + shNC, the significantly improved antitumor
activity of AZO-PMs/DOX + shHIF-1a in comparison with AZO-PMs/
DOX was thus attributed to effective HIF-1a pathway silencing. Gener-
ally, by sequentially targeting tumor hypoxia for deep tumor penetra-
tion, site-specific and simultaneous release, and effective HIF-1a
pathway silencing, AZO-PMs/DOX + shHIF-1a exhibited a desired in
vitro antitumor activity in treating TNBC cells.

Due to directly acting on cells, free DOX always displays a higher
antitumor activity than conventional DOX-loaded NDDS in cell experi-
ments. Herein, the antitumor activity of free DOX was not higher than

Fig. 5. Hypoxia-responsive release in
combination with targeted gene ther-
apy for improved antitumor activity.
(A) MTT assay after treatment under
normoxia and hypoxia. (B) Wound-
healing assay after treatment under
normoxia and hypoxia and (C) corre-
sponding quantitative analysis of
migration ratio. (D) Tumor spheroid
growth monitoring and (E) corre-
sponding quantitative analysis of
tumor spheroid volume. The cells were
treated with DOX, PMs/DOX, AZO-
PMs/DOX, AZO-PMs/DOX + shHIF-
la, and AZO-PMs/DOX + shNC. DOX
concentrations were 0.05 pg/mL for
MTT, 0.5 pg/mL for cell migration,
and 5 pg/mL for tumor spheroid. Data
were presented as mean + SD (n = 3 —
6). *p < 0.05, **p < 0.01, and ***p <
0.001.
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AZO-PMs/DOX under hypoxia, indicating that AZO-PMs as well as PMs
actually improved DOX uptake. The uptaken DOX is shielded in the
micelles under normoxia for a restricted antitumor activity and is
released from AZO-PMs under hypoxia for an improved antitumor ac-
tivity. Moreover, it was observed that free DOX also significantly
inhibited the growth of the spheroid, which was comparable to AZO-
PMs/DOX + shHIF-1a. As revealed in Fig. 3D, free DOX was unable to
penetrate the spheroid and mainly concentrated at its periphery. In view
of this, free DOX should not have such a high inhibitory effect. As tumor
cells at the periphery of tumor spheroids is more proliferative than those
in the core [48], the possible reason might be that free DOX kills tumor
cells with high proliferative potential at the periphery of tumor
spheroid, thus remarkably inhibiting its growth. It is worth noting that a
relatively high in vitro antitumor activity of free DOX cannot predict its
in vivo antitumor activity, because it has to suffer from poor
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pharmacokinetic performances before reaching tumor sites.

3.3. Hypoxia-responsive intratumoral release facilitates in vivo delivery
and silencing of HIF-1a pathway

After tumor-bearing mice intravenously received drug treatment,
DOX content in some main tissues, including the hearts, livers, spleens,
lungs, kidneys, and tumors, at 6 h and 24 h post-injection was firstly
determined to study drug dynamic distribution. It was observed that
DOX tissue distribution was improved after being loaded into micelles
(Supplementary Fig. S8). Non-specific uptake by macrophages in the
reticuloendothelial system contributed to preferential accumulation in
the livers and spleens, while the EPR effect facilitated accumulation in
tumors. Especially, DOX content of all micellar drug formulations in the
normal tissues sharply decreased over time, while it remained high in
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Fig. 6. Hypoxia-responsive intratumoral release for effective silencing of HIF-1a and its downstream genes. (A) NIR fluorescence imaging of harvested tissues and (B)
corresponding quantitative analysis of DOX fluorescence intensity. (C) HIF-1a expression in tumors by immunofluorescence. (D) HIF-1a expression in protein level in
tumors by western blot and (E) corresponding quantitative analysis. (F-H) HIF-1a, VEGF, and MMP-9 expression in mRNA level in tumors by RT-qPCR. Starting from
the 21st day after tumor cell inoculation, BALB/c nude mice bearing orthotopic MDA-MD-231 tumor were intravenously treated with PBS, free DOX, PMs/DOX AZO-
PMs/DOX, AZO-PMs/DOX + shHIF-1a, and AZO-PMs/DOX + shNC every three days for a total of five times. At 48 h after the last injection, tumors as well as well the
hearts, livers, spleens, lungs, and kidneys were harvested for analysis. DOX dose was 3 mg/kg and corresponding shHIF-1a dose was estimated to be 30 pug/mice. Data
were presented as mean + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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tumors, indicating the advantage of NDDS in delivering payloads to
tumor. No difference in tissue distribution was observed among micellar
drug formulations.

In the following, near-infrared-emitting (NIR) fluorescence imaging
was carried out to study hypoxia-responsive intratumoral release by
monitoring DOX fluorescence. It is noted that DOX is not suitable for
real-time in vivo fluorescence imaging, attributing to its short-
wavelength luminescence being out of NIR window and resultant low
signal-to-background ratio [49]. Thus, the main tissues were harvested
for ex vivo NIR imaging following drug treatment. The results revealed
that PMs/DOX, AZO-PMs/DOX, and AZO-PMs/DOX + shHIF-la
exhibited similar DOX fluorescence in the normal tissues, which was
generally consistent the result of tissue distribution, determined by
HPLC. Importantly, AZO-PMs/DOX as well as AZO-PMs/DOX + shHIF-
la showed stronger DOX fluorescence than PMs/DOX, indicating
hypoxia-responsive intratumoral release. We also attempted to observe
shHIF-1a distribution by monitoring tagged GFP. However, no GFP
fluorescence was found, probably due to its shorter luminescence
wavelength than DOX, which was strongly interfered by background
autofluorescence.

Hypoxia-responsive intratumoral shHIF-lo release for effective
silencing of HIF-1a was validated by immunofluorescence of tumors.
Immunofluorescence revealed that HIF-1a was overexpressed in MDA-
MB-231 tumor and its expression changed after treatment with free
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DOX, PMs/DOX or AZO-PMs/DOX, due to the effect from DOX (Fig. 6C).
Especially, HIF-1a expression was remarkably inhibited after treatment
with AZO-PMs/DOX + shHIF-1a as compared to AZO-PMs/DOX as well
as AZO-PMs/DOX + shNC, indicating that hypoxia-responsive intra-
tumoral release greatly benefited HIF-1a silencing. Inmunofluorescence
result also revealed intratumoral DOX distribution by directly observing
DOX fluorescence. Due to its poor pharmacokinetic performance, there
was a very low DOX distribution in tumor after treatment with free DOX.
As tissue distribution revealed that PMs/DOX, AZO-PMs/DOX, and AZO-
PMs/DOX + shHIF-1a had similar distribution in tumors, the higher
DOX fluorescence in AZO-PMs/DOX than in PMs/DOX was owing to
hypoxia-triggered intratumoral release of accumulated DOX, indicating
a high effective drug dose for improved antitumor activity. Particularly,
AZO-PMs/DOX + shHIF-1a showed further improved intratumoral DOX
fluorescence in comparison with AZO-PMs/DOX as well as AZO-PMs/
DOX + shNC, corroborating the result in tumor spheroids that AZO-
PMs/DOX + shHIF-1a enabled deep tumor penetration through effective
silencing of HIF-1a.

Intratumoral silencing of HIF-1a in protein and mRNA levels was
further assessed by western blot and RT-qPCR (Fig. 6D-F). Western blot
and RT-qPCR results coincided well with immunofluorescence. As ex-
pected, AZO-PMs/DOX + shHIF-1a effectively silenced HIF-1a. More-
over, it was found that HIF-1a expression in protein and mRNA levels in
AZO-PMs/DOX group was lower than that in PMs/DOX group, indirectly
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confirming the above statement that high-concentration DOX down-
regulated HIF-1a. Effective silencing of HIF-1a silenced its downstream
genes and AZO-PMs/DOX + shHIF-1a thus effectively silenced VEGF
and MMP-9, as demonstrated in Fig. 6G and H.

3.4. Synergistic chemotherapy and HIF-1a targeted gene therapy inhibit
the growth of primary TNBC tumor and its distant metastasis.

To evaluate in vivo antitumor activity of different drug formulations
in treating TNBC, the mice bearing orthotopic MDA-MD-231 tumor were
intravenously treated with PBS, free DOX, PMs/DOX AZO-PMs/DOX,
AZO-PMs/DOX + shHIF-la, and AZO-PMs/DOX + shNC every three
days for a total of five times, which started from the 21st day and ended
at the 35th day after tumor cell inoculation (Fig. 7A). Fig. 7B revealed
that the tumor of PBS group grew fast over time, exceeding 700 mm?® at
the end of the experiment, and drug treatment generally delayed tumor
growth. Although PMs could improve pharmacokinetic performance of
DOX and facilitate its tumor penetration and cell uptake, PMs/DOX only
showed parallel antitumor activity to free DOX, due to their inability of
rapid release to an effective drug dose. As almost all commercial NDDS is
slow-release system, this result solidly corroborates the clinical data that
the prominent advantage of conventional NDDS is reduced systemic
toxicity but not satisfactory antitumor activity. AZO-PMs/DOX enabled
rapid release in responding to hypoxia and thus exhibited significantly
improved antitumor activity in comparison with PMs/DOX. While no
difference was observed between AZO-PMs/DOX and AZO-PMs/DOX +
shNC, AZO-PMs/DOX + shHIF-1a showed further improved antitumor
activity, as compared to AZO-PMs/DOX and AZO-PMs/DOX + shNC,
indicating that silencing HIF-1a pathway did boost therapeutic outcome
of DOX.

At the end of experiment, the tumors were harvested for photo-
graphing and weighing. As shown in Fig. 7C and D, tumor weight
coincided well with tumor size and AZO-PMs/DOX + shHIF-1a dis-
played the smallest tumor size and weight among all drug treatment
groups. Histopathological feature of the tumors in different groups was
evaluated by H&E staining and Ki-67 staining. H&E staining demon-
strated that in PBS group, tumor cells showing hyperchromatic nuclei
were in highly proliferative status, which packed closely and almost
filled tumor stroma. Dead tumor cells were barely found in this group.
Free DOX and PMs/DOX inhibited the proliferation of tumor cells,
leading to the death of tumor cells for the appearance of some scattered
necrotic regions. Necrotic regions were enlarged after treatment with
AZO-PMs/DOX and AZO-PMs/DOX + shNC. In particular, AZO-PMs/
DOX + shHIF-1a considerably alleviated histological manifestation of
tumor with loosely arranged tumor cells and largely enlarged necrotic
region occupying a substantial part of the section (Fig. 7E). Ki-67
staining also revealed that AZO-PMs/DOX + shHIF-1a significantly
inhibited the proliferation of tumor cells, displaying few Ki-67 positive
tumor cells with brown nuclei, as compared to the other treatment
groups (Supplementary Fig. S9).

Despite sensitive response of TNBC to systemic chemotherapy, the
likelihood of distant metastasis following standard chemotherapy re-
mains high, which causes the vast majority of TNBC-related death. It has
been reported that patients with metastatic TNBC will ultimately die of
their disease [50]. The lung is the most common site of TNBC metastasis,
accounting for up to 70% of metastatic cases [51]. Thus, determining
whether a drug formulation can inhibit lung metastasis is of critical
importance in evaluating its antitumor activity in TNBC treatment. At
the end of experiment, the lungs were also harvested for photographing
and weighing. As shown in Supplementary Fig. S10 and Fig. 7F, ortho-
topic MDA-MB-231 tumor had aggressively metastasized to the lungs,
appearing numerous macroscopic metastatic nodules on the surface of
the lung in PBS group. Lung metastasis was inhibited after treatment
with free DOX and PMs/DOX, which was further inhibited after treat-
ment with AZO-PMs/DOX and AZO-PMs/DOX + shNC. No difference
was observed between AZO-PMs/DOX and AZO-PMs/DOX + shNC. As
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expected, AZO-PMs/DOX + shHIF-la remarkably inhibited lung
metastasis, exhibiting less metastatic nodules than the other treatment
groups. Lung index is indicative of lung condition. As healthy lung has a
low lung index [52], the relative low value in AZO-PMs/DOX + shHIF-
la group also indicated effective inhibition of lung metastasis (Fig. 7G).
Histopathological feature of the lungs in different groups was further
evaluated by H&E staining. The result revealed that the lung in PBS
group was characterized by a large area of metastatic foci almost
occupying half of the section and damaged pulmonary micro-
architecture, which resembled lung fibrosis [53], displaying histopath-
ological evidence of lung metastasis. After drug treatment, metastatic
area was reduced and especially, AZO-PMs/DOX + shHIF-la group
exhibited the smallest metastatic area with lung microarchitecture
appearing regular (Fig. 7H).

It was worth noting that except occasional death in PBS group, no
death occurred in all drug treatment groups. However, the mice in some
groups looked weak at the late of the experimental period, indicating
that they might be suffering from cancer-induced pain, due to aggra-
vated tumor growth and severe distant metastasis. To meet animal ethic
requirements as well as avoiding HIF-1a degradation after mice death,
all mice were sacrificed ahead of the occurrence of cancer-induced
death. Therefore, therapeutic outcome of AZO-PMs/DOX + shHIF-1a
in prolonging survival time was unfortunately not well elucidated.
Nonetheless, all results verified that by sequentially targeting tumor
hypoxia, AZO-PMs/DOX + shHIF-1a was promising in treating TNBC
through the following factors: 1) AZO-PMs were capable of deeply
penetrating tumor for co-delivery of DOX and shHIF-1a to the hypoxic
sites through sensitive response to hypoxic TME, enabling improved
antitumor activity of DOX and site-specific silencing of HIF-la; 2)
effective silencing of HIF-1a and its pathway not only ameliorated the
response of hypoxic tumor to DOX, but also modulated TME for further
improved DOX and shHIF-1a delivery; 3) chemotherapy in combination
with HIF-1a targeted gene therapy inhibited the growth of primary
TNBC tumor as well as improving TME and consequently, inhibited its
distant metastasis; 4) AZO-PMs/DOX + shHIF-1a accumulated in the
lung as well as other tissues locally killed metastatic tumor cells.

In spite of cell and organ type-specific function, HIF-1a activity is
vital to normal tissue function and development [54]. Possible toxicity
caused by systemic treatment with AZO-PMs/DOX + shHIF-1a was our
serious concern. Body weight monitoring revealed that compared with
free DOX group having a tendency towards weight loss, all the other
drug treatment groups maintained their body weight (Supplementary
Fig. S11). At the end of the experiment, blood was collected for hema-
tological examination. The result demonstrated that free DOX treatment
led to a significant decrease in WBCs and PLTs, as compared to PBS
group. No difference was observed among PBS, PMs/DOX and AZO-
PMs/DOX groups, indicating that AZO-PMs/DOX were safe. AZO-PMs/
DOX + shHIF-1a treatment decreased WBCs and PLTs, although no
significant difference was found compared with PBS group (Supple-
mentary Fig. S12). Given a similar decrease of WBCs and PLTs in AZO-
PMs/DOX + shNC group, it was concluded that the hematological dis-
order was owing to high-frequency dosing of pGPU6/GFP/Neo plasmid
as vectors of shHIF-1a and shNC but not owing to silencing of HIF-1a. In
fact, AZO-PMs/DOX + shHIF-1a could not silence lowly expressed HIF-
la, as verified in Fig. 4C-D and Supplementary Fig. S6. Organ index and
H&E staining further demonstrated that AZO-PMs/DOX + shHIF-1a
treatment exerted no toxicity to normal tissues (Supplementary Fig. S13
and Fig. S14). These results further suggested that AZO-PMs/DOX +
shHIF-1a was safe in treating TNBC.

4. Conclusion

In summary, we designed hypoxia-responsive polymeric micelles as
the carrier of DOX and shHIF-1a for synergistic chemotherapy and gene
therapy of TNBC by sequentially targeting tumor hypoxia. The micelles
were readily prepared via self-assembly technique with DOX and shHIF-
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la loaded in their hydrophobic inner and positively charged surface,
respectively. The micelles showed high responsive sensitivity, enabling
rapid DOX and shHIF-1a release in responding to hypoxia. In vivo results
further revealed that hypoxia-responsive release could greatly facilitate
DOX and shHIF-1a delivery to hypoxic sites, which not only improved
antitumor activity of DOX but also effectively silenced HIF-1a pathway
activated under hypoxia. As a result, the micelles inhibited the growth of
primary TNBC tumor and its distant metastasis in a murine model of
orthotopic TNBC, achieved by modulated hypoxic TME and thus further
maximized therapeutic outcome of DOX. Together with safety assess-
ment that systemic HIF-1a regulation did not cause remarkable toxicity,
synergistic treatment of chemotherapy and HIF-1u targeted gene ther-
apy using hypoxia-responsive NDDS is particularly promising in treating
TNBC as well as other hypoxic tumors. Moreover, although clinical
application of hypoxia-responsive NDDS remains far away from reali-
zation, it shows translational potential in effective in vivo delivery of
interesting genes involved in hypoxic diseases for the purpose of sci-
entific research.
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