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Background and Purpose: Inflammation associated with the tumour microenviron-
ment (TME) is critical for cancer development, and immunotherapeutic strategies
modulating the immune response in cancer have been crucial. In this study, a
(MTX) (PLGA) drug

nanocarrier covered with polyethyleneimine (Pei) and hyaluronic acid (HA) was devel-

methotrexate-loaded poly(lactic-co-glycolic  acid)-based
oped and combined with an PD-L1 antibody to investigate anti-cancer and immuno-
modulatory effects in breast cancer TME.

Experimental Approach: Naked or HA-coated PeiPLGA-MTX nanoparticles (NPs)
were assessed on 4T1 breast cancer cells grown in culture and in a mouse model of
orthotopic tumour growth. Tumours were evaluated by qRT-PCR and immunohisto-
chemistry. The cell death profile and cell migration were analysed in vitro in 4T1 cells.
Polarization of murine macrophages (RAW cells) was also carried out.

Key Results: Naked or HA-coated PeiPLGA-MTX NPs used alone or combined with
PD-L1 antibody modified the tumourigenic course by TME immunomodulation, lead-
ing to reduction of primary tumour size and metastases. STAT3 and NF-xB were the
major genes downregulated by NPs. In tumor-associated macrophages (TAM) such
regulation switched M2 phenotype (CD163) towards M1 (CD68) and reduced levels
of IL-10, TGF-B and CCL22. Moreover, malignant cells showed overexpression of
FADD, APAF-1, caspase-3 and E-cadherin, and decreased expression of Bcl-2,
MDR-1, survivin, vimentin, CXCR4 and PD-L1 after treatment with NPs.

Conclusion and Implications: NPs-mediated STAT3/NF-kB signalling axis suppres-
sion disrupted crosstalk between immune and malignant cells, reducing immunosup-
pression and critical pro-tumour events. These findings provide a promising
therapeutic approach capable of guiding the immune TME to suppress the develop-

ment of breast cancer.

Abbreviations: EMT, epithelial-mesenchymal transition; HA, hyaluronic acid; MTX, methotrexate; Pei, polyethyleneimine; TAM, tumour-associated macrophage; TME, tumour microenvironment.
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1 | INTRODUCTION

Tumour-associated inflammation is an emerging hallmark of cancer
(Fouad & Aanei, 2017). The role played by the immune system in
tumourigenesis has become widely recognized over the years (Lin
et al., 2018). According to the cellular and molecular immune pat-
tern produced in the tumour microenvironment (TME), immune
cells develop an antagonistic action that not only protects the host
but also prevents tumour growth by direct elimination or inhibition
of malignant cell growth. Immune cells often paradoxically promote
cancer development and progression through selecting tumour cells
to escape from immunosurveillance, or by establishing immunosup-
pression in the TME, which favours malignant cell growth and
spread (Criscitiello et al., 2014). Such a process is known as
“cancer immunoediting” and has been separated into three phases,
namely, elimination, equilibrium, and escape (Tower, Ruppert, &
Britt, 2019).

The establishment of immune cell-mediated pro-tumour inflam-
matory conditions is complex and mechanistically involves several cel-
lular interactions, as well as the activation of various intracellular
signalling pathways by many types of chemical mediators. Among
these, transcription factors such as NF-xkB and signal transducer
activator of transcription-3 (STAT3) have been particularly involved
(Colotta, Allavena, Sica, Garlanda, & Mantovani, 2009). NF-xB and
STAT3 are constitutively expressed in both immune and malignant
cells and are important mediators of immunosuppressive inflammatory
response in the TME and the tumour immune escape process, as well
as controlling the expression of critical genes for tumourigenesis such
as anti-apoptotic, pro-proliferative, survival, angiogenesis, and tissue
remodelling genes (Grivennikov & Karin, 2010).

The immune cell-mediated inflammatory TME is associated with
effective tumour cell-induced leukocyte recruitment through the
release of chemoattractants, via NF-xkB and STAT3 activation.
Resident macrophage mobilization and circulating monocyte recruit-
ment support the accumulationof tumour-associated macrophages
(TAMs), which comprise the most abundant and important inflamma-
tory cell population in the TME (Qiu et al, 2018). Influenced by
malignant cells through the coordination of NF-xB and STATS3,
tumour-associated immune cells, mainly TAMs, are often conditioned
to change their cancer-fighting phenotypes towards a cooperative
tumour development profile (Szala, Jarosz-Biej, Cichon, Smolarczyk, &
Sochanik, 2015). In this context, the majority of TAMs are activated
to present an immunosuppressive M2 phenotype that secretes IL-10
(J. Wang, Li, Cang, & Guo, 2019).
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What is already known

o NF-kB and STAT3 are constitutively expressed in

immune and malignant cells and promote tumourigenesis.

e M2-like tumour-associated macrophages favour an

immunosuppressive  tumour microenvironment and

establishment of the epithelial-mesenchymal transition.

What this study adds

e Nanoparticles containing methotrexate mediate STAT3/
NF-xB downregulation, disrupting crosstalk between
immune and cancer cells.

e Suppression of IL-10/STAT3/NF-kB signalling in M2-like
tumour-associated macrophages blocked development of
the immunosuppressive tumour microenvironment.

What is the clinical significance

e Our results provide a better understanding of immuno-
suppressive mechanisms for effective development of
immunomodulatory therapies.

e They also suggest combining new immunotherapeutic

strategies to treat triple negative breast cancer.

As a result of the numerous chemical mediators released by
M2-like TAMs, an immunosuppressive TME is established promoting
optimal conditions for cancer development and spread. In this con-
text, the establishment of the epithelial-mesenchymal transition
(EMT) process, one major mechanisms of metastasis in solid tumours
whose main characteristic is the loss of E-cadherin expression, is likely
to be favoured in the immunosuppressive TME (Huang, Cao, &
Tang, 2017). Meanwhile, immunosuppressive M2-like TAMs may also
favour immunosurveillance tumour escape through the expression of
the immune checkpoint protein, programmed cell death-1 ligand
1 (PD-L1) (Kitamura, Qian, & Pollard, 2015).

Despite considerable effort and successive improvements in anti-
cancer therapy, the management of breast cancer is still challenging
and much remains to be done. Therefore, immune-based therapies
that aim to affect the development of immunosuppression in the

TME, as well as reducing tumour escape from immunosurveillance,
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and the use of immune checkpoint inhibitors have been extensively
investigated in recent years.

Here we describe the development of a drug delivery system
based on poly(lactic-co-glycolic acid) (PLGA) polymeric nanoparticles
(NPs) carrying methotrexate (MTX), a drug known to exert anti-
neoplastic and anti-inflammatory effects (Nedelcu et al., 2019;
Ochaion et al., 2006). However, its failure to differentiate healthy
from malignant cells can lead to systemic toxicity and severe side
effects. Thus, in order to improve the MTX delivery efficiency towards
malignant breast cells, which overexpress hyaluronic acid (HA) recep-
tors (CD44) (S. Wang, Zhang, Wang, & Chen, 2016), the MTX-loaded
PLGA NPs were coated with polyethyleneimine (Pei) followed by HA
externally. Thus, an anti-PD-L1 immune checkpoint inhibitor was used
in combination with HA-coated PeiPLGA-MTX NPs in order to target
tumour escape. The effects of such therapeutic approaches on
tumourigenesis and immunomodulation of the microenvironment in
breast cancer were analysed, using cultures of a murine mammary car-

cinoma cell (4T1 cells) and and orthotopic injection in mice.

2 | METHODS

2.1 | Cellcultures

Human embryonic kidney epithelial cell (HEK-293) [RRID:CVCL_0045],
murine mammary carcinoma cell (4T1) [RRID:CVCL_0125], and murine
macrophage (RAW 264.7) [RRID:CVCL_0493] were purchased from
Banco de Células do Rio de Janeiro (BCRJ, Brazil). Cells were
maintained in Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 0.15% penicillin and
streptomycin (10,000 U-mlI™Y) (Gibco) in a 5% CO, humid atmosphere
at 37°C. The culture medium replaced every 3 days, and trypsin/EDTA

(Gibco) was used to remove the cells, when necessary.

2.2 | Animals

All animal care and experimental procedures were approved by the
Ethics Committee of the Federal University of Rio Grande do Norte
(number 063/2016). Animal studies are reported in compliance with
the ARRIVE guidelines (Percie du Sert et al., 2020) and with the rec-
ommendations made by the British Journal of Pharmacology (Lilley
et al., 2020).

Female BALB/c mice [RRID:IMSR_CRL:028] approximately
7-9 weeks old weighing between 21 and 28 g were used for experi-
mental orthotopic breast cancer model and toxicity studies. In this lin-
eage, tumours from 4T1 cell injection are well developed and
immunologically tolerated. Animals were purchased from the Keizo
Asami Immunology Laboratory (Fiocruz) and treated according to the
ethical principles for animal experimentation. Up to five mice were
housed in individually ventilated cages (with top filter-isolator) at
22 °C with an exhaust having a capacity of 30 air exchanges per hour,

12 h light/dark cycle, and with water and food freely accessible. For

both experimental models, the mice were blindly and randomly dis-
tributed in cages by a different assistant (Ul) from the experimenter
(RC) for group composition (n = 6). Therapeutic and surgical interven-
tions were preceded by anaesthesia with i.p. xylazine (10 mg kg™%)
and ketamine (100 mg kg‘l). The animals were killed by cervical dislo-
cation preceded by anaesthesia.

2.3 | Preparation and characterization of PeiPLGA-
based NPs
2.31 | Preparation of NPs

PLGA NPs were prepared using an adjusted solvent displacement
method (dos-Santos-Silva et al., 2020). Briefly, a solution of PLGA
(MW: ~44 kDa; 50:50 lactide:glycolide monomer composition;
63 ml-g~! at 30°C), final concentration 0.75% w/v, and MTX, final
0.075% w/v, was prepared in 6 ml of
acetone:1-methyl-2-pyrrolidone solution (50:50 v/v; Labsynth,
Cat#01M1009.01.BJ) to obtain the organic phase at a 1:10 (w/w)
MTX:PLGA ratio. This solution was later added dropwise into 14 ml of
aqueous phase containing 0.5% w/v poloxamer 407 surfactant
(Pluronic F127, MW: 12.6 kDa) and hyperbranched polyethyleneimine
(Pei) (1:50 w/w Pei:PLGA; MW: 25 kDa) at an output flux of
1.0 ml-min~2, under 720 rpm of magnetic stirring, which was left over-

concentration

night for solvent evaporation. The samples were hermetically sealed in
glass flasks and stored at 25°C. All the PLGA empty NPs did not con-
tain MTX. All data on the characterisation of the NPs are presented as

mean * SD of five independent assays with at least three replicates.

2.3.2 | Preparation of hyaluronic acid-
functionalized PeiPLGA NPs

MTX-loaded PeiPLGA NPs and empty PeiPLGA NPs were further
functionalized with hyaluronic acid by adsorption (S. Wang, Zhang,
Wang, & Chen, 2016). For this, hyaluronic acid (HA) was dissolved in a
colloidal solution of NPs at a concentration of 2 mg-ml~ and mixed
for 1 h at room temperature. Then, HA-PeiPLGA and HA-PeiPLGA-
MTX NPs were filtered (pore size, 0.45 pm) and stored at 4°C.

2.3.3 | Drugloading efficiency and efficiency
encapsulation

The MTX loading was assessed using the indirect method, in which
dispersions were centrifuged at 16.9 x g for 60 min, at 4°C using the
ultra-centrifugal filter (Sartorius®, Vivaspin 2, Ultra-15 MWCO
10 kDa). The filtered supernatant was diluted in purified water 1:20
(v/v) and measured at 303 nm, using a UV Thermo Fisher Scientific,
60S Evolution. The drug concentration was determined according to
a previously validated method, and the drug loading efficiency

(DL) was calculated as follows: DL% = [(Total mass of drug
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added — Free drug mass)/Mass of the nanoparticle] x 100. The
encapsulation efficiency (EE) was indirectly calculated from the equa-
tion: EE% = [(Total added drug — Drug determined in the superna-
tant)/Total drug] x 100.

234 |
stability

Physicochemical aspects and colloidal

The measurements of mean diameter and particle size distribution
were performed by dynamic light scattering in a ZetaPlus
(Brookhaven Instruments), equipped with a 90Plus/BI-MAS apparatus,
at a wavelength of 659 nm with a scattering angle of 90°. Zeta poten-
tial of NPs was measured by laser Doppler anemometry using the
same equipment. All analyses were performed at 25°C.

To investigate the colloidal stability of the NPs, the different for-
mulations - empty PeiPLGA, HA-PeiPLGA, PeiPLGA-MTX, and HA-
PeiPLGA-MTX - were stored for 6 weeks in hermetically sealed vials
and conditioned at 5°C. Each day, the samples were collected and
evaluated for diameter size. Measurements were performed at 25°C
using dynamic light scattering method. The samples containing HA
had the substance added before the measurements. Experimental
values are shown as the mean * SD of five independent assays with at
least three replicates.

24 | Cell viability

Cell viability was estimated by the resazurin reduction method. Four
thousand cells were cultured in each well of 96-well plate in DMEM with
10% FBS for 24 h. HEK-293 and 4T1 cells were treated with different
concentrations of empty or MTX-loaded (0-80 pg»ml’l), PeiPLGA NPs
(0-934 pg-mi™2), and naked or HA-coated (0-584 pg-mi~2). After 24 h,
10 pl of resazurin solution (0.04%; Sigma-Aldrich, Cat# R7017) was
added to each well and the plate incubated again for 4 h. The absor-
bance was measured at 570 and 600 nm, whose values were applied in
the equation [% of resazurin reduction = [ATs79 — (ATgoo X CF)I/
[AC570 — (ACg00 x CF)] x 100}, where ATs7o and AT¢qo are absorbances
from the treated group, ACs7o and ACgqo are absorbances from the
negative control group, and CF is the correction factor. Results were
normalized to express percentage values, so that negative control
values were set to 100%. For the following in vitro experiments, the
concentrations of each component used in the treatments were
as follows: HA, 0.73 pg:ml~!, PeiPLGA, 1.17 pgml~! and MTX,
0.1 pg-ml~.

2.5 | Cell uptake of NPs

The 4T1 cells were seeded (2 x 10* cells per well) on glass coverslips
(12 mm) in DMEM with 10% FBS. After adhesion, the cells were
treated for 4 h at 37°C with naked or HA-coated PeiPLGA-MTX NPs
previously adsorbed with 10 pl propidium iodide (Pl, 100 pg~m|‘1;

Invitrogen, Cat#P1304MP) under agitation for 12 h. Then, the cells
were washed and fixed with PBS and 4% buffered paraformaldehyde
(PFA; Sigma-Aldrich Cat#158127), respectively. The coverslips were
removed and mounted on a glass slide over DAPI-containing mount-
ing medium (Abcam, Cat#ab104139) and then analysed by fluores-
cence microscopy (Axio Observer Z1, Zeiss).

2.6 | Macrophage polarization towards M2

The polarization of RAW cells towards the M2 phenotype was carried
out as described by de Araujo Junior et al. (2020). Briefly, 5 x 10°
RAW cells were cultured in DMEM supplemented with 10% FBS and
IL-4 (20 ng-ml™Y; PeproTech, Cat#214-14). After 24 h, cells were
washed with FBS-free DMEM and maintained in FBS-free DMEM
supplemented with IL-4 for 48 h. The cells were used as M2-polarized
TAMs, and the collected supernatant was used in other experiments
as M2-polarized TAMs enriched medium.

27 | M2-polarized TAM-induced 4T1 cell
migration

The TAMs-induced 4T1 malignant cells promigratory potential was
observed by indirect co-culture with M2-polarized RAW cells. In a
12-well plate, 5 x 10* M2-polarized RAW cells per well were cultured
in DMEM with 10% FBS. At the same time, 4T1 cells (1 x 10* cells
per insert) were added to the Transwell insert chamber (8 pm pore
size; Corning) in DMEM with 10% FBS. After 24 h, 4T1 cells were
treated with HA-PeiPLGA NPs in the absence or presence of IL-10
receptor antibody (1.2 ug-ml‘l; Invitrogen, Cat#PA5-109852, RRID:
AB_2855263) and maintained for another 48 h. Then, 4T1 cells on
the inner surface of the insert were washed with PBS and removed
using a swab. Migratory 4T1 cells outside the membrane were fixed
with 4% PFA and rested under glass slide DAPI-containing mounting
medium (Abcam). The cells were observed by fluorescence micros-
copy (Zeiss) and the images analysed using Image) software (NIH,
RRID:SCR_003070).

2.8 | Wound healing assay

The wound healing test was performed as described by Tanaka
et al. (2009). Briefly, in a 12-well plate, a north/south scar was
performed in a 4T1 cell monolayer using a tip (200 pl). After suc-
cessive washes with PBS and proliferation inhibition with Mitomy-
cin C (10 pg~m|‘1; Fisher Scientific, Cat#BP25312), the cells were
treated with HA-PeiPLGA NPs in the absence or presence of IL-10
receptor antibody (1.2 pg-mi~?) in FBS-free DMEM and enriched
culture medium (M2-polarized TAMs supernatant) at a 1:1 ratio.
After 24 h, images were collected using Olympus IX70 light micro-
scope (Olympus) equipped with a Leica DFC340 FX digital camera
(Leica).
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29 | Enzyme-linked immunosorbent assay

The supernatant from RAW cultures, previously treated for 48 h with
IL-4 (20 ng-mI~%) and HA-PeiPLGA NPs in the absence or presence of
IL-10 receptor antibody (1.2 pg~m|‘1), was collected and the levels of
murine IL-10 and IL-12 measured using a LEGEND MAX™ Mouse
IL-10/IL-12 ELISA Kit (BioLegend, Cat#430607 and Cat#430707,
respectively) according to the manufacturer's instructions. Five inde-
pendent assays with at least three replicates were performed for each

experiment.

210 | Flow cytometry

Apoptotic 4T1 cells were analysed from Annexin V/FITC and Pl dou-
ble labelling. Briefly, 2 x 10* cells/well were seeded in a six-well plate
containing DMEM with 10% FBS. After adhesion, the cells were
treated with naked or HA-coated PeiPLGA-MTX NPs or MTX for
24 h. The cells were double labelled with Annexin V/FITC and PI
(Invitrogen, Cat#V13242) according to the manufacturer's instructions
and analysed by flow cytometer FACS Calibur (BD Biosciences).

The M2-polarized TAMs evaluation was performed on RAW cells
cultured previously as described above. The cells were treated with
IL-4 (20 ng:ml~%) and HA-PeiPLGA in the absence or presence of
IL-10 receptor antibody (1.2 pg-mi~!) for 48 h. RAW cells were
harvested and blocked with 0.5% BSA/PBS for 45 min and
then labelled with anti-CD163-PerCP (1:1000;
Cat#46-1631-82, RRID:AB_2716956) or anti-CDé68-FITC (1:1000;
Invitrogen, Cat#MA5-16676, RRID:AB_2538170). For intracellular
IL-10 labelling, the cells were fixed in 4% PFA, washed, and perme-
abilized with 0.2% TritonX-100 (Sigma-Aldrich, Cat#T8787). The cells
were incubated with blocking solution (0.5% BSA/PBS) for 45 min
and subsequently incubated with anti-IL10-FITC antibody (1:1000;
eBioscience, Cat#11-7101-82, RRID:AB_465403) for 60 min at 4°C.
The cells were protected from light until analysed by flow cytometer
FACSCalibur (BD Biosciences, USA). FlowJo software (NIH, RRID:
SCR_008520) was used for data analysis.

eBioscience,

211 | Immunofluorescence

4T1 cells were seeded (2 x 10% cells per well) on glass coverslips
(12 mm) in DMEM with 10% FBS. For apoptosis evaluation, 4T1 cells
were treated with naked or HA-coated PeiPLGA-MTX for 24 h.
HA-PeiPLGA and IL-10 receptor antibody (1.2 pg-ml~Y) in FBS-free
DMEM and enriched medium (M2-polarized TAMs supernatant)
(1:1 ratio) were used for EMT evaluation for 48 h. The cells were
washed, fixed, and permeabilized as previously described and
incubated with anti-Bcl-2 (1:200; Abcam, Cat#ab59348, RRID:
AB_2064155), anti-caspase-3 (1:200; Invitrogen, Cat#43-7800,
RRID:AB_2533540), anti-Fadd (1:200; Abcam, Cat# ab24533, RRID:
AB_448126), anti-Apaf-1 (1:200; Abcam, Cat# ab2001, RRID:
AB_302753), anti-vimentin (1:100; Invitrogen, Cat# MA5-16409,

RRID:AB_2537928), and anti-E-cadherin (1:100; Invitrogen, Cat#
MA5-12547, RRID:AB_10982676) antibodies overnight in a humid
chamber. Antibodies were diluted in Diamond antibody diluent
(Cell Marque, Cat#938B-09). Primary antibodies were captured with
Alexa Fluor 488 anti-rabbit (Invitrogen, Cat# A32731, RRID:
AB_2633280) or anti-mouse (Invitrogen, Cat# A32723, RRID:
AB_2633275), and Alexa Fluor 555 anti-rabbit (Invitrogen, Cat# A-
21428, RRID:AB_141784) or anti-mouse (Invitrogen, Cat# A-21422,
RRID:AB_141822) secondary antibodies. After washes, the glass
coverslips were removed and rested on mounting medium containing
DAPI (Abcam) on glass slides for labelling the cores. The cells were
analysed under a fluorescence microscope (Zeiss), and digital images
were collected to determine the mean fluorescence intensity using Black
ZEN software (Zeiss, RRID:SCR_018163). Five independent assays with

at least three replicates were performed for each experiment.

2.12 | NPs toxicity in vivo

A similar orthotopic tumour growth model (Liu et al., 2015) was
adapted and used to investigate the toxicity of NPs. BALB/c mice
were randomized into six groups with n = 6 each; 24 h later, the ani-
mals were treated i.p. with 100 pl of sterile saline (negative control
group), MTX (0.1 mg-kg™?, positive control), empty or MTX-loaded
PeiPLGA NPs, naked or HA-coated (HA 0.73 mgkg™, PeiPLGA
1.17 mg-kg™2, and MTX 0.1 mg-kg™?; test groups) after previous anaes-
thesia with xylazine and ketamine solution (2:8 ratio). The drugs were
administered again every 5 days (three treatments). On the 15th day,
the animals were killed by cervical dislocation and had blood, liver, and
lungs collected for systemic toxicity analysis by serum biochemical
measurements (liver and renal toxicity indicators) and histopathological
analysis by H&E staining, respectively. A double-blind histopathologi-
cal analysis was done by non-operator analysts (RA & RC). Three histo-

logical sections per animal tissue (n = 6) were analysed in each group.

213 | Orthotopic tumour growth

Orthotopic breast tumour growth in an allographic model was per-
formed as described (Paschall & Liu, 2016) with adaptations. 4T1 cells
were inoculated (1 x 10* cells per 100 ul FBS-free DMEM) immedi-
ately below the fourth left breast in previously anaesthetized BALB/c
mice (xylazine and ketamine ratio 2:8). Then, mice were randomized
into six groups with n = 6 animals each and tumour growth monitored
daily. When tumours had reached 3 mm in diameter, the mice were
treated peritumourally with sterile saline (negative control group),
MTX (0.1 mgkg™% positive control), PeiPLGA-MTX (1.17:
0.1 mgkg™), HA-PeiPLGA-MTX (0.73: 1.17: 0.1 mgkg™?), and the
PD-L1 antibody (2.16 mg-kg™%, administered 30 min before) followed
by HA-PeiPLGA-MTX. Treatments were repeated every 5 days (three
treatments). PD-L1 antibody was administered in a single dose in the first
treatment, with the others being administered only HA-PeiPLGA-MTX.
On the 21st day, the animals were anaesthetized and killed by cervical
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dislocation and the blood (from the heart), tumour, lungs, and liver
collected for biochemical and histopathological analysis. Results were
expressed as a growth curve from the average tumour volume (volume
mm?® = (width x length?) x 0.52). Metastatic niches in the liver and lung
were assessed semiquantitatively as described (Van den Eynden
et al, 2012). Scores representing percentage of tumour cells in the
tissue parenchyma were applied (1, <5%; 2, 5% to 25%; 3, 26% to 50%;
4, 51% to 75%; 5, >75%). The scores were applied to histological
images captured in 20 random fields of all the extension the organs.
Histopathological analysis of tumour tissue, liver, and lungs were
independently assessed by two non-operator analysts (RA and RC).
Three histological sections per animal tissue (n = 6) were analysed in each
group.

214 | Biochemical and haematological analysis

Biochemical and haematological assessments were performed using
whole blood collected with EDTA, and standard techniques were per-
formed manually. Erythrocyte and leukocyte count, as well as
haemoglobin quantification and haematocrit determination were
observed. AST (Cat#MS80022230083), ALT (Cat#MS80022230086),
creatinine (Cat#MS80022230143), and urea (Cat#MS80022230075)
levels were evaluated according to the manufacturer's instructions
(Gold Analisa). Blood samples from all animals in each group (n = 6)

were analysed in triplicate.

215 | qRT-PCR

Gene expression analysis was performed on 4T1 cells and partial
orthotopic tumour from BALB/c. 4T1 cells were cultured in DMEM
with 10% FBS (2 x 10° cells per 100 mm plate) and subsequently
treated with naked or HA-coated PeiPLGA-MTX NPs and MTX for
24 h. The total RNA of both 4T1 cells and orthotopic tumour were
obtained with Trizol reagent (Invitrogen, Cat#15596026) and purified
with SV Total RNA Isolation System (Promega, Cat#Z3105) according
to the manufacturer's instructions. Then, cDNA was synthesized using
high-capacity RNA-to-cDNA kit (Applied Biosystems, Cat#4387406).
PowerUp SYBR Green Master Mix (Applied Biosystems, Cat#A25742)
was used for real-time amplification. The used forward and reverse
primers sequences (Thermo Fisher Scientific) are listed in Table S1.
The experiments were performed in triplicate. Gene expression data
were normalized relative to the housekeeping gene p-actin using the
27AACt Five independent assays with at least two replicates were per-
formed for the 4T1 experiment. All animals in each group (n = 6) were

analysed in duplicate.

216 | Immunohistochemistry

The immunohistochemistry of partial orthotopic tumour from BALB/c

mice was performed as described (Araujo Junior et al, 2016) in

accordance with the BJP immunohistochemistry guide (Alexander
et al., 2018). Briefly, after deparaffinization, rehydration, and antigenic
recovery (11 pM sodium citrate solution at 90°C for 30 min) steps,
the paraffin-embedded tumour tissue sections were incubated over-
night at 4°C with anti-Bcl-2 (Abcam, Cat#ab59348, RRID:
AB_2064155), anti-caspase-3 (Invitrogen, Cat#43-7800, RRID:
AB_2533540), anti-Fadd (Abcam, Cat# ab24533, RRID:AB_448126),
anti-Apaf-1 (Abcam, Cat# ab2001, RRID:AB_302753), anti-NF-kB
(Santa Cruz Biotechnology, Cat#sc-8008, RRID:AB_628017), anti-
STAT3 (Santa Cruz Biotechnology, Cat#sc-8019, RRID:AB_628293),
anti-CD163 (Proteintech, Cat#16646-1-AP, RRID:AB_2756528), anti-
CD25 (Invitrogen, Cat#MA5-12680, RRID:AB_10979943), anti-TGF-p
(Santa Cruz Biotechnology Cat#sc-17799, RRID:AB_628348), anti-E-
(Invitrogen,  Cat#MA5-12547, RRID:AB_10982676),
anti-IL-10 (Invitrogen, Cat# PA5-85660, RRID:AB_2792799), and
anti-PD-L1 (Proteintech, Cat#66248-1-Ig, RRID:AB_2756526) pri-
mary antibodies (1:300). Biotinylated pan-specific universal secondary
antibody (Vector, Cat#PK-7800) followed by streptavidin/HRP-
conjugated (Vector, Cat#PK-7800) incubation and diaminobenzidine
(DAB; DAKO, Cat#GV825) were used to reveal the markings. Sections

were counterstained with haematoxylin and analysed under a Nikon

cadherin

E200 LED light microscope (Minato) coupled to a digital camera
(Moticam). For immunoreactivity classification, the product between
estimated percentage of positively stained cells (from undetectable,
equivalent to 0%, to completely stained, 100%) and estimated
intensity of positive cells immunostaining (0, negative; 1, weak;
2, moderate; and 3, strong staining) was calculated according to
Charafe-Jauffret et al. (2004). Immunohistochemical analyses of
tumour tissues were independently assessed by two non-operator
analysts (RA and RC). For each tumour tissue (n = 6 per group), three
histological sections were evaluated for each antibody.

217 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). All experiments in vitro
were presented as mean + SD of five independent assays with at
least three replicates. The in vitro experiments were analysed
by two authors (RA & AA) in a randomised and double-blind
manner. In vivo data (tumour growth) as well as ex vivo data
(histopathology/immunohistochemistry) were analysed in a double-
blind manner by RA & AA and RC & RA, respectively. Experiments
were designed to obtain randomized groups of equal sizes. Indepen-
dent values with less than 20% variance were chosen to compose the
groups. Statistical analysis was only undertaken for experiments
whose group size was n 2 5 independent values. No data were
removed, and all outliers were included in data analysis. All analyses
were performed using Prism 6.01 software (GraphPad Software,
RRID:SCR_002798) and SPSS Statistics 20 (IBM Corp., RRID:
SCR_002865). Data evaluation for normal distribution was assessed

using Shapiro-Wilk normality test, and the Levene test was used to
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verify the homogeneity of variances. Comparison between groups
was performed using Mann-Whitney U test for variables with non-
normal distribution, whereas parametric data for pairwise comparison
was analysed using the Student t-test. For multiple comparisons
between groups, one-way ANOVA was used, followed by post hoc
Bonferroni tests only if F achieved the necessary level of statistical
significance (P < .05) and there is no significant variance inhomogene-
ity. When necessary, data underwent logarithmic transformation to
enable group comparison by ANOVA. Kruskal-Wallis test with
Dunn's correction was used for multiple comparison of non-normal
distribution data. P < .05 values were considered indicative of statisti-
cal significance. The results of cell viability, by resazurin reduction,
and gRT-PCR analyses were normalized to control for unwanted

sources of variation (negative controls values were set to 100%).

2.18 | Materials

Methotrexate was supplied by DEG (Sao Paulo, Brazil) and HA
(Cat#600-01-01) was supplied by Contipro (Dolni Dobrou¢, Czech
Rep). Pei (Cat#408727) and Pluronic F127 (Cat#P2443) was sup-
plied by Sigma-Aldrich (St. Louis, MO, USA). PLGA (Cat#B6010-2)
was supplied by LACTEL Absorbable Polymers (Birmingham, AL,
USA). The IL-10 receptor antibody (Cat#PA5-109852, RRID:
AB_2855263) was supplied by Invitrogen (Carlsbad, CA, USA) and
the PD-L1 antibody (Cat#BE0101) was from Bio X Cell (Lebanon,
NH, USA).

219 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to Pharmacology
(http://www.guidetopharmacology.org) and are permanently archived
in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Fabbro et al., 2019; Alexander, Kelly et al., 2019).

3 | RESULTS

3.1 | Characterization of NPs

Figure 1 shows the physico-chemical characterization of NP formula-
tions. Empty PeiPLGA NPs had a size around 100 nm (+0.9), with
polydispersity index of 0.117 * 0.01 and zeta potential of
8.51 + 3.2 mV (Figure 1b-d). The MTX incorporation of MTX into the
NPs (PeiPLGA-MTX) resulted in a slight increase in size
(137.3 = 1.2 nm) and zeta potential (2.38 + 0.3 mV). On the other
hand, the HA-coating of empty or MTX-loaded NPs caused consider-
able increases in size and zeta potential (230.8 + 6.3 nm and
—-24.60 £ 1.1 mV for HA-PeiPLGA, as well as 617.0 + 37.7 nm and
—30.5 + 1.5 mV for HA-PeiPLGA-MTX, respectively). Despite this, the
encapsulation efficiency (EE) of both naked and HA-coated PeiPLGA-

MTX NPs remained the same at around 41%, and the MTX loading
efficiency of NPs was approximately 4.02% (data not shown). In
addition,

nanoformulations remained stable in terms of size variability over

despite the complexity-dependent changes, the

3 weeks (Figure 1e).

3.2 | Cell viability

The cytotoxic potential of the NPs is shown in Figure S1. Empty
or MTX-loaded PeiPLGA NPs, naked or HA-coated, significantly
reduced cell viability by up to 100% at the highest concentrations
for both evaluated cell lines (Figure S1A-D and G-J). Such effects
were more pronounced in 4T1 tumour cells treated with
MTX-loaded PLGA NPs, which had cell viability affected by up to
42% at low concentrations (0.73: 1.17: 0.1 pg~m|‘1; Figure S1C,D).
Under these same conditions, empty PLGA NPs were not toxic
(Figure S1A,B). The PLGA NPs were not cytotoxic at concentra-
tions lower than 116.79 pg-mi~! (of the polymer) in HEK-293 cells,
except for HA-PeiPLGA-MTX, which reduced cell viability by 21%
at 7.3:11.68:1 pg-ml’1 (HA:PeiPLGA:MTX; Figure S1J). Free
MTX decreased the viability of 4T1 cells by an average of 46%
(0.1-80 pg-ml™), with no significant statistical difference between
these concentrations (Figure S1E). On the other hand, MTX did
not have a significant cytotoxicity in HEK-293 cells under the same
conditions (Figure S1K). Similarly, free HA did not promote any
cytotoxic effect on the evaluated cell lines (Figure S1F,L). Thus,
concentrations of MTX (0.1 pg:ml~) and of PeiPLGA (1.17 pg-ml~?%)
were the lowest concentrations causing cytotoxic effects in tumour
cells (but not in healthy cells), and were selected to be used in
subsequent tests.

3.3 | Cell uptake of NPs

The incorporation rate of MTX-loaded PeiPLGA NPs by 4T1 tumour
cells was assessed by fluorescence intensity quantification. The results
shown in Figure 2 indicate that MTX-loaded PeiPLGA NPs were
internalized by tumour cells after 4 h of treatment. However,
HA-PeiPLGA-MTX NPs were significantly better
(Figure 2g-i) than those without HA.

internalized

3.4 | Cell death profile

Flow cytometer analysis revealed that treatment with free MTX
increased the apoptotic cell population by 255.3% compared with the
DMEM-treated group, whereas PeiPLGA-MTX and HA-PeiPLGA-
MTX increased by 204.7% and 236.2%, respectively. However, there
was no statistically significant difference between the three treat-
ments (Figure 3a). The gene expression profile of intrinsic and extrinsic
apoptosis pathway revealed that, unlike free MTX, both PeiPLGA-
MTX and HA-PeiPLGA-MTX NPs promoted overregulation of APAF-1
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Physicochemical characterization of cationic PLGA nanoparticles (NPs). Schematic representation of PeiPLGA NPs coating steps

(a). PLGA nanoparticles were evaluated for size (b) and size distribution (DLS; c), zeta potential (d), as well as size variability over the days of
storage (e). Pei, polyethyleneimine; PLGA, poly(lactic-co-glycolic acid); MTX, methotrexate; HA, hyaluronic acid. All data are presented as

mean = SD of five independent assays with at least three replicates

and FADD genes (Figure 3b). Immunofluorescence analysis (Figure 3c)
showed a significant increase in Caspase-3 and FADD proapoptotic
proteins expression, as well as decrease of BCL-2 anti-apoptotic pro-
tein for all treatments compared with DMEM. However, these effects
were more pronounced for HA-PeiPLGA-MTX. No significant differ-
ences were found for APAF-1 expression after treatments.

3.5 | RAW cell polarization modulation

Figure 4 shows that population of CD68+ (M1 phenotype indicator)
IL-4-induced M2-polarized TAMs decreased by 38% compared with
non-polarized RAW cells. On the other hand, a significant increase in

the CD163+ (M2 phenotype indicator) and IL-10-positive cell popula-
tion was observed for IL-4-induced M2-polarized TAMs (190% and
13%, respectively). However, HA-PeiPLGA NPs, IL-10 receptor anti-
body and both combined treatments increased the population of
CD68+ M2-polarized TAMs by 86%, 247%, and 88% (Figure 4a-e) as
well as decreasing CD163+ (16% to 23%; Figure 4f-j) and IL-10+
(6.5% to 21.5%; Figure 4k-0) M2-polarized TAMs.

Cytokine quantification by ELISA revealed an increased level of
IL-10 secreted by IL-4-induced M2-polarized TAMs compared with
non-polarized RAW cells (Figure 4p). On the other hand, HA-PeiPLGA
NPs, IL-10 receptor antibody and both combined treatments
reduced the levels of IL-10 secreted compared with untreated group
(36% to 62%). Low IL-12 levels were secreted by untreated
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M2-polarized TAMs, while IL-12 secretion was increased after migration was significantly enhanced in the RAW cells' presence and

HA-PeiPLGA NPs, IL-10 receptor antibody and both combined treat- mainly M2-polarized TAMs, suggesting a migratory influence of these
ments (42% to 73%, Figure 4q). on tumour cells. On the other hand, 4T1 cell migration was greatly
reduced when treated with HA-PeiPLGA NPs (77%), IL-10 receptor
antibody (58%), or both combined treatments (84%), even co-cultured
3.6 | M2-polarized TAM-induced migration of4T1 with M2-polarized TAMs. Similarly, migration of 4T1 cells to fill the
cells scar (over the cell monolayer) was also reduced by treatments. How-
ever, this anti-migratory effect was more pronounced in response to
The transwell migration test (Figure 5a) showed that only a few 4T1 combined treatment (HA-PeiPLGA + IL-10 receptor antibody;
tumour cells migrated in the presence of DMEM. However, 4T1 cell Figure 5b). Furthermore, the expression of E-cadherin and vimentin
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Effect of naked or HA-coated PeiPLGA-MTX NPs on apoptosis. The cell death profile was analysed by flow cytometry (a), whose

graphical representation expresses the percentage of viable and apoptosis cells. The gene expression profile (b), as well as immunofluorescence
immunostaining (c) of key markers in apoptosis were also evaluated. All data are presented as mean * SD of five independent assays with at least
three replicates. *, P < .05, significantly different as indicated; #not significantly different; one-way ANOVA with post hoc Bonferroni correction

or Kruskal-Wallis with post hoc Dunn correction

proteins by 4T1 cells fed with M2-polarized TAMs-enriched medium
was analysed by immunofluorescence. The results presented in
Figure 5c show that the constituents present in the M2-enriched
medium in contact with 4T1 tumour cells, decreased expression of
E-cadherin by 46%. The addition of treatments (HA-PeiPLGA NPs,
IL-10 receptor antibody, and both combined) to M2-enriched medium
considerably increased the E-cadherin expression in 4T1 tumour cells
(439%, 551%, and 863%, respectively), compared with cells with only
M2-enriched medium. On the other hand, under similar conditions,
vimentin expression was stimulated in 4T1 tumour cells treated with
M2-enriched medium (96%), whereas HA-PeiPLGA NPs, IL-10 recep-
tor antibody, and both combined treatments significantly reduced its

expression (68%, 78%, and 80%, respectively), even in the presence of
M2-enriched medium (Figure 5d).

3.7 | Invivo toxicity analysis

The toxicity of the different PeiPLGA formulations were performed
prior to allograft tumour growth in female BALB/c mice. The
histopathological analysis revealed that none of the PeiPLGA NPs
changed the hepatic and pulmonary tissue structures, suggesting
that these NO Ps were nontoxic, as used here (Figure S2C-J). On
the other hand, free MTX treatment promoted mild hepatocyte
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FIGURE 4 Modulation of M2-polarized RAW cells by PeiPLGA NPs. After treatment with HA-coated PeiPLGA NPs and the IL-10 receptor
antibody (anti-IL-10R), the IL-4-induced M2-polarized RAW cells were evaluated for labelling for CDé68 (a,d), CD163 (b,e), and IL-10 (c,f) by flow
cytometry. The levels of IL-10 (g) and IL-12 (h) secreted by RAW cells were also assessed. All data are presented as mean + SD of five

independent assays with at least three replicates. *, P < .05, significantly different as indicated; *not significantly different; one-way ANOVA with
post hoc Bonferroni correction

vacuolation, followed by mononuclear inflammatory cell infiltrate
(arrowhead; Figure S2K), as well as slight interalveolar septa
thickening (Figure S2L). No changes in AST/ALT liver enzymes,
urea were observed
animals treated with different PLGA formulations;
AST/ALT was

creatinine, or

subtle increase
(Figure S2M-P).
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Antitumour effect of NPs in vivo

The tumour growth curve reveals that different PeiPLGA formulations
(including pretreatment with PD-L1 antibody) and MTX similarly
decreased tumour volume by approximately 45% compared with
saline-treated animals (Figure 6). Except for the saline group, there

were no statistically significant differences between treatments.
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FIGURE 5 Anti-migratory effect of HA-coated PeiPLGA NPs and IL-10 receptor antibody. The 4T1 tumour cell migration induced by
M2-polarized RAW cells was performed by transwell assay (a) and wound healing assay (b). The control image represents the scar demarcation
5 min after the treatments addition. The expression of E-cadherin (c) and vimentin (d) adhesion proteins were also evaluated. M2, IL-4-induced
M2-polarized macrophages; EM, enriched medium produced by M2 (supernatant). All data are presented as mean + SD of five independent

assays with at least three replicates. *

The histopathological analysis of liver showed the presence of
tumour cells infiltrated throughout the organ, in all groups tested
(arrowheads; Figure 7a-e). However, the number and diameter of
metastatic niches appear to be smaller when treated with naked or
HA-coated MTX-loaded PeiPLGA NPs and PD-L1 antibody pre-
treatment, than the saline or MTX groups (Figure 7f-j,u). Massive
metastatic niches were also found in the lungs of saline- and MTX-
treated animals (Figure 7k-0). On the other hand, the MTX-loaded
PeiPLGA NPs, with or without PD-L1 antibody pretreatment, clearly
reduced metastases in lungs (Figure 7k-u).

No other morphological changes were found in any organs or
treatment groups (data not shown). Nevertheless, MTX treatment
caused subtle increases in liver AST/ALT enzymes (Figure 7v,w).
Moreover, a haematological analysis of the animals did not show an
anaemic process initiated by any treatment (data not shown). How-
ever, the major finding was the significant total leukocyte increase in
all treated groups compared with healthy tumour-free animals
(approximately seven times more, except for the goup receiving treat-
ment with PD-L1 antibody + HA-PeiPLGA-MTX, which was five times
more). There was a reversed leukocyte profile with neutrophil

P < .05, significantly different as indicated; one-way ANOVA with post hoc Bonferroni correction

increase and lymphocyte decrease in all treated groups including

saline, compared with tumour-free animals (data not shown).

3.9 | Gene and protein expression profile in TME
The apoptosis, cell survival, drug resistance, tumour immunology, and
EMT pathways in the TME were assessed. Tables S2 and S3 summa-
rize how the different treatments modulated gene and protein expres-
sion in relative numbers.

The naked and HA-coated PeiPLGA-MTX NPs positively regu-
lated the expression of FADD and APAF-1 apoptosis-related genes
while downregulating the survival and drug resistance genes Survivin
and MDR1, respectively, compared with saline group. Among these
genes, only APAF-1 was upregulated by MTX (Figure 8a-d) as well as
its protein product APAF-1 (Figure 8e). Similarly, both NPs increased
the expression of APAF-1 and FADD proapoptotic proteins approxi-
mately three and four times, respectively. Expression of another pro-
apoptotic protein caspase-3 was also increased with MTX and

PeiPLGA NPs treatments (approximately two and three times,
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Inhibition of tumour growth. The growth curve of orthotopic breast tumours in BALB/c mice shows a reduction in tumour

volumes after treatment with naked and HA-coated MTX-loaded PLGA NPs, as well as with free MTX (a). Arrows indicate therapeutic
interventions via peritumour administration. The excised tumours were presented on a panel for comparative analysis of tumour size (b). The
exact growth area location of orthotopic tumours in mice is illustrated with black circles (c). From these images, the areas occupied by tumours
were measured for graphical representation in mm? (d). All data are presented as mean # SD of n = 6 per group, * P < .05, significantly different as
indicated; one-way ANOVA with post hoc Bonferroni correction or Kruskal-Wallis with post hoc Dunn correction

respectively), which contrastingly reduced expression of the anti-
apoptotic protein Bcl-2.

The expression of genes coding for transcription factors (NF-xB
and STAT3) as well as EMT and metastasis regulators (SNAIL and
CXCR4) in the TME were markedly downregulated by PeiPLGA-MTX
and HA-PeiPLGA-MTX NPs (Figure 9a-d). On the other hand, only
NF-kB and SNAIL were downregulated by MTX. Following gene down-
regulation, NF-xB and STAT3 had their protein levels reduced by NPs
and MTX in the TME, according to immunostaining tests. Similarly, in
line with SNAIL downregulation, an increase in the expression of
tumoural E-cadherin adhesion protein was observed after treatments
with NPs (~75%) and MTX (38%; Figure 9e).

PD-L1 antibody combined with HA-PeiPLGA-MTX NPs was
employed for tumour inflammatory profile evaluation. This combined
treatment upregulated CD8 and IL-10 genes (160% and 21%, respec-
tively; Figure 10a,d), as well as downregulating the CDé8 gene (36%;
Figure 10b). In turn, NPs alone downregulated the genes encoding
Treg-recruiting chemokines (CCL22) and those for markers of immu-
nosuppressive activity in the TME (CD163 and IL-10). On the other
hand, the expression of anti-tumour activity indicators (CD8 and

CD68) was highly upregulated (Figure 10a-e). MTX downregulated

only CD8, CDé8, and CCL22 genes. Immunohistochemical evaluations
showed a significant reduction in PD-L1 protein expression for all
evaluated treatments, as well as an increase in CD25. Both the combi-
nation of PD-L1 antibody + HA-PeiPLGA-MTX, MTX NPs, given
alone, increased the immunosuppressive protein TGF-p. On the other
hand, treatment with the combination also reduced CD163 and IL-10
protein levels, as did both PeiPLGA formulations. In addition to these
proteins, PeiPLGA-MTX and HA-PeiPLGA-MTX also reduced TGF-.
The evaluation of such markers indicates a reduction in the number of
inflammatory cells and their immunosuppressive products, as well as

an increase in cancer-fighting effector cells in the TME.

4 | DISCUSSION

The modulation of breast cancer TME behaviour by naked and
HA-coated PeiPLGA-MTX NPs has been demonstrated. It was
observed that the expression profile of genes involved in important
pathways, which favour tumour development and progression, was
significantly altered. NF-xB and STAT3 were the most importantly
downregulated genes due to their crucial role in the crosstalk between



CAVALCANTE ET AL

PeiPLGA-MTX

BRITISH
> PHARMACOLOGICAL 2297
SOCIETY

Anti-PD-L1 +
HA-PeiPLGA-MTX

(©):

HA-PeiPLGA-MT

Ot

£

Average scores
for metastatic niches

LRI LI R O
IS

o
e + <k
=\ ‘(\* N K . o o
OV o oefY
2 e
Plalin

O o
?é\?\;\w?é \)\P?e Q

A oV
<O &
pe e

FIGURE 7

Urea (mg-mi-1)

Creatinine (mg-mi-7)

00
A AT SO\ LY
S Wt

e oo 0o

SR

N
w“'?o

Evaluation of metastatic niches. The evaluation of tumour cell migration to secondary sites was observed in the liver (a-e, 100x,

and f-j, 400x) and lung (k-o, 100x, and p-t, 400x). The arrowheads indicate the presence of metastatic niches (a-€), which are best seen in
greater magnification (f-j). The surrounding areas (k,l) show tumour masses in the lungs, observed in greater detail in (p) and (qg). Metastatic niches
in the liver and lung were assessed semiquantitatively (u) by applying scores representing the tumour cells percentage in the tissue parenchyma.
Biochemical analyses were carried out in addition to histopathological evaluation (v-y). All data are presented as mean * SD of six independent
values (n = 6) per group or five independent assays with at least two replicates (biochemical analyses). * P < .05, significantly different as
indicated; #*not significantly different; one-way ANOVA with post hoc Bonferroni correction or Kruskal-Wallis with post hoc Dunn correction

malignant cells and tumour-associated immune cells (Fan, Mao, &
Yang, 2013). Thus, a range of signalling pathways in both immune and
malignant cells were disrupted.

In this context, NF-kB and STAT3 play an important role in modu-
lating cancer-associated inflammation-promoting TAMs polarization
towards M2 (Xia, Shen, & Verma, 2014; Zhang et al., 2013). Therefore,
NP-mediated NF-xB and STAT3 downregulation may be directly related
to the inversion of TAMs phenotype in the TME with M1-polarized
TAM increase (CDé68 cells). Disruption of TAMs polarization course
towards M2 seems to have triggered the decreased expression of
CCL22, a chemokine released by M2-polarized TAM. CCL22 acts as
chemoattractant for regulatory T cell (T,eg) recruitment (Martinenaite

et al, 2016) and creates an immunosuppressive TME through IL-10
and TGF- release, in turn responsible for inhibiting NK cells, CD4 and
CD8 T cell recruitment to the tumour (Jiang & Shapiro, 2014,
Miyara, Costantino, & Hafler, 2010).
M2-polarized TAMs can directly reduce the cytotoxic activity of CD8 T
cells by IL-10 and TGF-B release (Szala, Jarosz-Biej, Cichon, Smolarczyk,
& Sochanik, 2015), as well as through the expression of PD-L1
(Pedoeem, Azoulay-Alfaguter, Strazza, Silverman, & Mor, 2014). In this
NF-xB and STAT3
immunosuppression-related genes in tumour-associated immune cells,
including CCL22, IL-10, and TGF-p (Grivennikov & Karin, 2010; Qin,
Yan, Zhang, & Zhang, 2019), as well as PD-L1 expression in cancer cells

Sakaguchi, Moreover,

context, increase the expression of
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correction

(Sasidharan Nair, Toor, Ali, & Elkord, 2018). Such regulations help
tumour cells to escape from immune elimination (Qin, Yan, Zhang, &
Zhang, 2019). Therefore, the significant reduction of IL-10, TGF-$
levels, and PD-L1 expression, as well as the increase of CD8+ T cell
population in the TME, here may also be related to NF-xB and STAT3
downregulation by naked or HA-coated PeiPLGA-MTX NPs. In addi-
tion, the treatment with PD-L1 antibody combined with HA-coated
PeiPLGA-MTX NPs induced the highest levels of CD8 T cells according
to gene expression analysis. Such cells are important immune prognos-
tic markers and are especially and closely associated with improved

survival in patients with breast cancer (Savas et al., 2018).

Our in vitro studies also give us indications that HA-PeiPLGA NPs
appear to be affecting the switch of M2-polarized phenotype to
M1-like, triggering, for example, the reduction of IL-10 levels. More-
over, experiments using the IL-10 receptor antibody showed the role
of this cytokine in promoting autocrine activation of M2-polarized
macrophages via IL-10/STAT3 (Chuang, Hung, Cangelose, & Leon-
ard, 2016; Martinez & Gordon, 2014). Such NP-mediated inhibition of
self-activation may have triggered the increased release of IL-12 via
NF-xB and STAT3 downregulation (downregulation > switch of M2
towards M1 > reduced IL-10 levels > inhibition of M2 autocrine acti-
vation by IL-10 > high levels of IL-12). IL-12 is an important Th1l
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FIGURE 9 Intracellular signalling modulation in TME. The modulating effect of naked or HA-coated PeiPLGA-MTX NPs on key element
expression from different signalling routes was evaluated (a-d). The consequences of such modulations on E-cadherin expression were also
assessed (e). The immunohistological panel presents images with 100x magnification; 400x magnification is shown in the lower right corner of
each image. Scores were applied to each image to represent them graphically. All data are presented as mean * SD of six independent values
(n = 6) per group with at least two replicates. * P < .05, significantly different as indicated; #not significantly different; one-way ANOVA with post
hoc Bonferroni correction or Kruskal-Wallis with post hoc Dunn correction

immune response mediator that exerts anti-tumour activity through
increased proliferation, survival, and/or cytotoxicity of NK cells, CD8,
and CD4 T cells, as well as suppression of T activity (Garcia Paz
et al., 2014; Zagozdzon & Lasek, 2016).

As in tumour-associated immune cells, NF-xB and STAT3 orches-
trate several signalling pathways in malignant cells. In this study, we
show how NP-mediated downregulation of such transcription factors
disrupted a complex communication network, crucial to tumour devel-
opment and progression. Two branches of this network, apoptosis
resistance and drug resistance, are major obstacles for chemotherapy
of malignant diseases and were significantly reduced by naked and HA-
coated PeiPLGA-MTX NPs. Both intrinsic and extrinsic apoptotic path-
ways as well as increased pro-apoptotic molecule expression were
greatly stimulated in malignant cells. NF-kB/STATS3 signalling disrup-
tion may be closely associated with observed decrease in apoptosis
resistance, mainly by decreasing of anti-apoptotic gene downregulation
such as BCL-2 (Fathi, Rashidi, Khodadadi, Shahi, & Sharifi, 2018; Xia,

Shen, & Verma, 2014). In this same way, NP-mediated Survivin down-
regulation was also observed and may have contributed to unlocking
apoptosis (Cui et al, 2017). Survivin is a downstream mediator of
NF-kB and STAT3 signalling and member of the inhibitors of apoptosis
(IAP) protein family, which acts in the cell division regulation and sup-
presses apoptosis by inhibiting caspase (Cui et al., 2017; Gritsko
et al., 2006). Such findings may also reflect the NP-mediated MDR1
downregulation via suppression of NF-kB/STAT3, which in turn may
sensitize malignant cells to death-inducing stimuli (including chemo-
therapeutic agents) through MDR1 downregulation (Bentires-Alj
et al., 2003; Zhang, Xiao, Wang, Tian, & Zhang, 2011).

Suppression of NF-kB/STAT3 signalling also considerably
affected tumour progression. The consequent regulation loss of SNAIL
and CXCR4 transcription allowed a reduced expression of these genes
in our study. Thus, an increased E-cadherin expression was observed,
given that SNAIL gene family directly influences the repression of
E-cadherin transcription (Barrallo-Gimeno & Nieto, 2005; Y. Wang,
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Reduction of the immunosuppressive TME. In combination with PD-L1 antibody (anti-PD-L1), HA-coated PeiPLGA-MTX NPs, or

only PeiPLGA-MTX NPs triggered several inflammatory effects in the TME (a-f). The immunohistological panel presents images with 100x
magnification; 400x magnification is shown in the lower right corner of each image. Scores were applied to each image to represent them
graphically. All data are presented as mean + SD of six independent values (n = ) per group with at least two replicates. * P < .05, significantly
different as indicated; #not significantly different; One-way ANOVA with post hoc Bonferroni correction or Kruskal-Wallis with post hoc Dunn

correction

Shi, Chai, Ying, & Zhou, 2013). In addition, TGF-p (downregulated in
the TME) can directly or indirectly upregulate SNAIL genes (Y. Wang,
Shi, Chai, Ying, & Zhou, 2013; Wendt, Balanis, Carlin, &
Schiemann, 2014). CXCR4 overexpression in turn is positively stimu-
lated in response to NF-kB and STATS3 activity, favouring the tumour
spread to sites of greater CXCL12 production, such as lung, liver, and
bones (Xu, Zhao, Chen, & Yao, 2015). Furthermore, in vitro studies
using the IL-10 receptor antibody revealed the involvement of

immune cells, especially M2-polarized macrophages, in the malignant

cells spread (antimigratory activity assay) supposedly through IL-10
release (with STAT3 activation) and establishment of an immunosup-
pressive microenvironment. However, HA-coated PeiPLGA NPs inter-
vention has interestingly reduced this migratory effect, also helped by
reduced vimentin expression, and increased E-cadherin expression. All
this regulation triggered a size and quantity reduction of metastatic
niches in the liver and lung in BALB/c mice.

Notably, naked and HA-coated PeiPLGA-MTX NPs significantly
modulated several cellular responses in the TME. However, the exact
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mechanisms by which NPs achieve their effects are still unclear. Nev-
ertheless, based on previous studies and physicochemical properties
of nanosystems developed here, some suggestions about the intracel-
lular behaviour of NPs may be made. PLGA NPs have been widely
used as drug delivery systems. However, anionic drugs such as MTX
may have their spontaneous encapsulation hampered by repulsive
electrostatic forces due to the negatively charged PLGA surface. Thus,
polycations such as Pei have been used as an alternative (Abolmaali,
Tamaddon, Yousefi, Javidnia, & Dinarvand, 2014; Shau et al., 2012).
Pei gives a positive charge to NPs, favouring internalization and intra-
cellular accumulation of NPs through non-specific electrostatic inter-
actions with cell membranes and other slightly anionic
macromolecules (S. Wang et al., 2017). However, despite that, Pei
itself has high cytotoxic potential (Fischer, Li, Ahlemeyer, Krieglstein,
& Kissel, 2003) and its use was limited. Thus, both MTX-loaded PLGA
formulations, naked or HA-coated, showed less than 50% encapsula-
tion efficiency.

To further reduce the Pei-mediated toxicity, and to improve drug
delivery to a specific site, NPs were coated with low molecular weight
HA. HA is a negatively charged polysaccharide whose receptors
(CD44) are overexpressed in breast cancer cells (S. Wang, Zhang,
Wang, & Chen, 2016). The NPs size followed their complexity, espe-
cially when loading MTX. Therefore, HA-mediated neutralization of
the positively charged Pei led to a zeta potential reduction of NPs.
Similar results using HA-coated docetaxel-loaded PeiPLGA NPs were
found (Maiolino et al., 2015). Despite the reduced zeta potential
among HA-coated NPs, no evaluated formulation changed its stability
over 21 days. Even with reduced zeta potential, HA-coated
PeiPLGA-MTX NPs did not have their cell uptake impaired. Interest-
ingly, HA-uncoated PeiPLGA-MTX NPs did not show the same
performance. Consequently, we can suggest that the HA/CD44 inter-
action in tumour cells may have favoured internalizing the HA-coated
NPs (Gotte & Yip, 2006), whereas HA-devoid NPs had their uptake
delayed.

Although no internalization mechanism of HA-PeiPLGA-MTX
NPs (and their variations) has been evaluated by us, a study developed
with doxorubicin-loaded mesoporous silica NPs covered with HA and
Pei reveal that both coatings seem to play a successful partnership, in
the internalization process of such NPs. via CD44-mediated endocy-
tosis (Fortuni et al., 2019). After endocytosis, NP-loaded endosomal
vesicles fuse with lysosomes to form endolysosomes. Within the
endolysosomes, the HA-coating layer is initially digested by lysosomal
hyaluronidases exposing the naked NPs (internally covered with Pei).
The “proton sponge effect” supports the escape hypothesis of
Pei-linked NPs from endolysosomes towards cytoplasm. Such an
escape protects NPs from degradation and any loaded drugs from
inactivation. Due to the protonation of tertiary amines at a low pH,
Pei with its high buffering degree stimulates the accumulation of pro-
tons into endolysosomes, causing its rupture by osmotic imbalance
(Akinc, Thomas, Klibanov, & Langer, 2005). Until their complete degra-
dation, cationic NPs loaded with doxorubicin can interact with several
slightly anionic cytoplasmic and nuclear macromolecules, thereby

affecting diverse intracellular events. Despite the numerous

differences between mesoporous silica NPs and those NPs used in
this study, the possibility that similar mechanisms to those described
above may also occur during internalization of empty or MTX-loaded
HA-PeiPLGA NP cannot be ruled out.

A complex and surprising communication network established
between immune and malignant cells, and orchestrated by TAMs was
disrupted by both naked and HA-coated PeiPLGA-MTX NPs, including
those NPs associated with anti-PD-L1 inhibitor. We have suggested
that NF-xB and STAT3 downregulation affected and reduced the
tumour-promoting inflammation, immunosuppressive and pro-tumour
signalling through blocking the polarization of macrophages towards
the M2 phenotype. Furthermore, downregulation of the IL-10/
STAT3/NF-xB

immunosurveillance, thus decreasing growth and the spread of breast

signalling axis reduced tumour escape from
cancer. The combined administration of anti-PD-L1 and HA-coated
PeiPLGA-MTX proved to be very interesting, because it considerably
increases the anti-tumour cytotoxic immune response. Together,
these findings are promising and encourage further tests using the
PD-L1 antibody as a immune checkpoint inhibitor to improve efficient

NP drug delivery systems.
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