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Abstract

Background: Breast cancer is the neoplastic disease with the highest incidence

and mortality in the female population worldwide. Treatment remains challenging
due to various factors. Therefore, it is of great importance to develop new therapeutic
strategies that promote the safe destruction of neoplastic cells without compro-
mising patients’ quality of life. Among advances in the treatment of breast cancer,
immunotherapy stands out as a promising trend. Recent studies have demonstrated
the potential of iron oxide nanoparticles in promoting the reprogramming of M2
macrophages (pro-tumor phenotype) into M1 macrophages (anti-tumor phenotype)
within the tumor microenvironment, resulting in potent antitumor effects. In this
study, the effect of polyaniline-coated iron oxide nanoparticles (Pani/y-Fe,O;) on mac-
rophage polarization and breast cancer cell death was investigated.

Methods: The non-cytotoxic concentration of nanoparticles was determined using
the MTT assay. For in vitro co-culture experiments, breast cancer cell lines MCF -7

and MDA-MB -231 and macrophages THP-1 were co-cultured in a Transwell system
and then the effects of Pani/y-Fe,O; on cell viability, gene expression, cytokine profile,
and oxidative stress markers were investigated.

Results: The results showed that Pani/y-Fe,05 nanoparticles induced M2-to-M1 mac-
rophage polarization in both cell lines through different pathways. In MCF -7 and THP-1
macrophage co-culture, the study showed a decrease in cytokine levels IL -1(3, upregu-
lation of M1-associated genes (/L-12, TNF-a) in macrophages, resulting in increased
MCF -7 cell death by apoptosis (caspase 3/7%). In MDA-MB -231 co-cultures, increases
in cytokines IL -6, IL -1(3, and oxidative stress markers were observed, as well as upregu-
lation of the inducible nitric oxide synthase (iNOS) gene in macrophages, leading

to tumor cell death via apoptosis-independent pathways (Sytox™).
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Conclusions: These findings highlight the potential of Pani/y-Fe,O; as a promising
therapeutic approach in the context of breast cancer treatment by effectively repro-
gramming M2 macrophages into an anti-tumor M1 phenotype, Pani/y-Fe,05 nano-
particles demonstrated the ability to elicit antitumor effects in both MCF-7 and MDA-
MB-231 breast cancer cell lines.

Keywords: Breast cancer, Tumor-associated macrophages (TAMs), Macrophages,
Polarization, Iron oxide nanoparticles, Tumor microenvironment, Immunotherapy,
Nanotechnology

Introduction

Breast cancer has overtaken lung cancer as the most prevalent form of cancer world-
wide. It accounts for about 24.5% of all cancer cases worldwide and is responsible for
about one in eight cancer diagnoses, with a total of 2.3 million new cases (Sung et al.
2021; Arnold et al. 2022). In women, breast cancer remains a major public health
problem, accounting for one in four cancers and one in six cancer-related deaths.
In most countries, breast cancer is the most common cancer (159 out of 185 coun-
tries) and the main cause of cancer-related deaths in 110 countries (Sung et al. 2021).
Therefore, developing new initiatives and strategies to prevent and treat breast can-
cer is critical to reducing breast cancer mortality rates, promoting breast health, and
ensuring equitable access to quality care.

Treatment for breast cancer often consists of a combination of surgical removal,
radiation therapy, hormonotherapy, and chemotherapy. These treatments can reduce
breast cancer recurrence and mortality but may increase the risk of death from
other diseases (Harbeck and Gnant 2017) Evidence on the benefits and risks of these
treatments is not static but is continually accumulating and scattered in the litera-
ture (Kerr et al. 2022). Despite advances in early detection and understanding of the
molecular basis of breast cancer biology, approximately 30% of breast cancer patients
experience disease recurrence (Colleoni et al. 2016).

To address these challenges, innovative approaches to breast cancer treatment are
currently being explored, including immunotherapies that stimulate the immune sys-
tem to attack cancer cells and combination therapies that integrate different treat-
ment modalities. In this context, the tumor microenvironment is an important target
for the development of new therapies.

The tumor microenvironment consists not only of the tumor mass but also of a
variety of leukocytes, fibroblasts, extracellular matrix, and various bioactive mole-
cules derived from both tumor and non-tumor cells that play a critical role in regulat-
ing tumor growth and invasiveness (Huang et al. 2017). Among these important cells,
tumor-associated macrophages (TAMs) have attracted great interest as a therapeutic
target in recent years due to their high contribution to the cellular component of the
tumor microenvironment.

The historical classification of macrophage activation states into a simplified binary
categorization of M1 and M2 has provided a framework for understanding their dis-
tinct roles in the tumor microenvironment (Murray et al. 2014). M1 macrophages,
characterized by their pro-inflammatory phenotype, play a critical role in promoting
the Th1 immune response by producing key cytokines such as TNF-a, IL -1f, and IL
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-12 as well as generating reactive oxygen species (ROS) and reactive nitrogen species
(RNS) (Weagel et al. 2015). These effector molecules exert potent cytotoxic effects,
facilitate tumor cell destruction, and contribute to antitumor immunity (Mantovani
et al. 2017). M2 macrophages, on the other hand, also known as alternatively activated
macrophages, exhibit an anti-inflammatory phenotype and are involved in immune
regulation and tissue remodeling (Biswas and Mantovani 2012). They are known to
promote the Th2 immune response and secrete significant amounts of immunomodu-
latory molecules such as IL -10, TGF-f, and various chemokines (Mantovani et al.
2017, 2004). M2 macrophages possess weak antigen-presenting abilities, attenuate
Th1 responses, and contribute to the attenuation of inflammation. In addition, they
are actively involved in processes that promote tumor progression, such as angiogen-
esis and tissue remodeling (Biswas and Mantovani 2010).

In recent years, the field of immunometabolism has witnessed a significant surge
of interest, with numerous studies focusing on the reprogramming of macrophages
through cellular metabolism modification. Various approaches have been proposed
to modulate TAMs, aiming to shift their phenotype towards an M1-like state. Among
the metabolic characteristics crucial for differentiating macrophage phenotypes, iron
metabolism has been recognized as a significant factor, as macrophage polarization
closely correlates with intracellular iron levels (Biswas and Mantovani 2012; Corna
et al. 2010). M1 macrophages exhibit high levels of ferritin and low levels of ferro-
portin, CD163, and Heme Oxygenase-1, favoring an intracellular iron sequestration
and storage phenotype (Cronin et al. 2019; Jung et al. 2019). Conversely, M2 mac-
rophages demonstrate an iron export phenotype characterized by increased expres-
sion of CD163 and Heme Oxygenase-1, as well as high expression of ferroportin and
reduced expression of ferritin (Recalcati and Cairo 2021).

Studies have revealed that iron oxide nanoparticles (IONPs) can influence TAMs
polarization, reprogramming these cells to relinquish their tumor-promoting func-
tion and adopt tumor-suppressive properties. Previous in vitro studies by Laskar
et al. (2013) demonstrated that IONPs induce a phenotypic shift in M2 macrophages
towards an M1 macrophage subtype (Laskar et al. 2013). This finding has been cor-
roborated by subsequent studies (Zanganeh et al. 2016; Costa da Silva et al. 1479;
Zhang et al. 2020; Zhou et al. 2020). Consequently, there is immense potential in
developing novel, cost-effective iron-based nanoparticles that effectively polarize
macrophages toward an M1 phenotype. Such advancements would not only comple-
ment existing breast cancer treatment strategies but also expand treatment accessibil-
ity for patients afflicted by this disease.

A previous study conducted by our research group demonstrated that iron oxide
polyaniline-coated nanoparticles (Pani/y-Fe,O; NPs) were capable of modulating mac-
rophage polarization to the M1 phenotype in 3D multicellular models of breast cancer
(Nascimento et al. 2023). Building upon these findings, the present study aimed to fur-
ther investigate the effect of Pani/y-Fe,O; NPs on the reprogramming of TAMs in an
in vitro setting, as well as to evaluate its impact on different human breast tumor cell
lines. Considering that iron exposure impact on macrophage polarization states, Pani/y-
Fe,O; NPs hold promise in regulating macrophage polarization, offering fresh insights
into the role of intracellular iron regulation in macrophage function. This research sets
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the stage for the development of cutting-edge anticancer technologies based on IONPs
(Additional file 1).

Results
Biocompatibility
To ensure the biocompatibility of Pani/y-Fe,O5 NPs, their cytotoxicity to tumor cells
and macrophages was evaluated using the MTT assay. After analyzing the data obtained
from tumor cells, it was found that the maximum noncytotoxic concentration for MCF
-7 and MDA-MB -231 was 3 mg/mL and 1.5 mg/mL, respectively (Fig. 1a and b).
Regarding THP-1 macrophages, the results showed that the maximum noncytotoxic
concentration of Pani/y-Fe,O; NPs was 0.06 mg/mL (Fig. 1c). Given the lower tolerance
of macrophages to exposure to Pani/y-Fe,O; NPs compared with the tumor cells used in
this study, the maximum noncytotoxic concentrations obtained for macrophages were
selected for in vitro transwell assays. The internalization of Pani/y-Fe,O; nanoparticles
by THP-1 macrophages was validated through of brightfield microscopy images and
transmission electron microscopy micrographs (Additional file 1: Fig. S2a and S2b).

Effect of Pani/y-Fe,0; NPs on tumor cells viability
To evaluate tumor cell viability after exposure of NPs to macrophages, MCF -7 and
MDA-MB-231 were cultured with THP-1 macrophages using a 0.4 pum transwell
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membrane system. A culture medium with or without 0.06 mg/mL Pani/y-Fe,O,4
NPs was added to the upper chamber containing the macrophages. Co-culturing was
performed for 24 and 48 h. After the incubation period, the frequency of nonviable
(Sytox™) and apoptotic (caspase 3/7") tumor cells was evaluated.

The results show that after 24 h of co-cultivation with macrophages, there were
no significant differences between the expression levels of MCF -7 caspase 3/7
(Fig. 2a). However, after 48 h of co-cultivation, a higher percentage of apoptotic MCF
-7 cells was observed in cultures containing macrophages co-cultured with tumor
cells. Remarkably, during the same incubation period, an even higher percentage of
apoptotic MCF -7 cells was observed in cultures containing macrophages exposed
to Pani/y-Fe,O; NPs, indicating that the presence of nanoparticles increases the
pro-apoptotic capacity of macrophages (p=0.0286, paired t-test; Fig. 2a). The MCF
-7 cells were also labeled with Sytox (48 h) to assess cell death via other pathways.
Interestingly, we found that incubation with macrophages and/or exposure to Pani/y-
Fe,O, NPs did not significantly affect the percentage of non-viable MCF -7 cells in the
co-cultures.

For co-culture with the MDA-MB-231 cell line, no significant differences were
observed between the percentages of cells expressing active caspase 3/7 at either
incubation time (Fig. 2b). Regarding labeling of nonviable cells, it was observed that
co-culture with macrophages and exposure to Pani/y-Fe,O; NPs did not significantly
alter the percentage of cell death in tumor cells at 24 h. However, after 48 h, exposure
to Pani/y-Fe,O; NPs was able to increase the percentage of non-viable tumor cells
(Sytox™) in the co-culture system (p=0.0161, paired t-test, Fig. 2b).

Caspase 317 (%)
3 @

Caspase 317 (%)
Sytox + (%)

o o

24h 24h 48h 48h
p=0.0161

Caspase 317 (%)
Sytox + (%)

Sytox + (%)

N
@'

*QY'
Fig. 2 In a Frequency of MCF-7 cells expressing active caspase 3/7 after 24 h of co-culture and labeled
with Sytox after 24 h and 48 h of co-culture. In b Frequency of MDA-MB-231 cells expressing active caspase
3/7 and labeled with Sytox after 24 h and 48 h of co-culture. The data are presented as mean = standard
deviation and represent three independent experiments. Statistical analysis was performed using paired
t-test. (*) p<0.05 compared to the unstimulated tumor cell. (Bar) p < 0.05 between co-cultures of tumor
cells and macrophages exposed and unexposed to NPs, p-value indicated in the graph. NPs=Pani/y-Fe,O;;
M@ =macrophages
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Effect of Pani/y-Fe,0; NPs on cytokine profile

The tumor microenvironment promotes the secretion of various cytokines that may
inhibit tumor development, but they may also contribute to chronic inflammation that
promotes growth. Therefore, we investigated the effect of NPs on the production of
anti-/pro-inflammatory cytokines in co-cultures between tumor cells and macrophages
using a cytometric bead array.

In cultures containing only MCE-7 cells, only IL-6 cytokine was detected after 48 h of
incubation (Fig. 3b). In cultures containing only macrophages, the cytokines IL-1f3, IL-8,
IL-6, and TNF-a were detected at both time points examined, with higher levels of IL-8
and TNF-a than IL -1B and IL -6 (Fig. 3).

Co-incubation of macrophages and MCF-7 cells resulted in higher levels of IL-1f3, IL-6,
and IL-8 at both incubation times compared with cultures containing only macrophages
or MCF-7 cells (Fig. 3), suggesting that co-culture between cells modulates production
of these cytokines. The addition of Pani/y-Fe,O; NPs significantly decreased IL-1p levels
in the cell-free co-culture medium after 24 h (p=0.0173, paired t-test; Fig. 3a) compared
to co-culture without NPs.

For co-culture between MDA-MB-231 cells and THP-1 macrophages, t was observed
that the cytokine IL-12p70 was not produced under the conditions and controls studied
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(Fig. 4). Cell-free culture medium from cultures containing only MDA-MB-231 cells
showed measurable levels of IL-1p, IL-8, IL-6, TNF-a, and IL-10 (Fig. 4). The medium
from cultures containing only macrophages showed detectable levels of IL-1f, IL-8,
TNEF-a, and IL-10 at both study time points, with levels of IL-8 and TNF-a higher than
those of IL-1P and IL-10.

When macrophages and MDA-MB -231 cells were incubated together, it was observed
that the cell-free culture medium had higher levels of IL-6 at both incubation times
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(Fig. 4b) and IL-8 after 48 h (Fig. 4c) than cultures containing only macrophages or
MDA-MB-231 cells. On the other hand, the cell-free medium from co-cultures had
lower TNF-a levels compared with cultures containing only macrophages (Fig. 4d).
These results suggest that co-culture between these cells may significantly modulate the
production of the cytokines IL-6, IL-8, and TNF-a.

When co-cultures were compared in the absence and presence of Pani/y-Fe,O5 NPs, it
was found that the levels of IL-8, TNF-q, and IL-10 remained unchanged at both incu-
bation times evaluated. However, the addition of NPs caused a significant increase in
the IL-1B concentration in the cell-free co-culture medium after 24 h (p =0.0037, paired
t-test, Fig. 4a) and of IL-6 at both incubation times (p <0.05, paired t-test; Fig. 4b), indi-
cating that the NPs affect the production of these cytokines in this co-culture system.

The results suggest that tumor cells have the remarkable ability to modulate the tumor
microenvironment and influence cytokine production by macrophages through various
mechanisms. Such modulation can significantly affect the response to exposure to NPs.

Effect of Pani/y-Fe,0; NPs on oxidative stress markers

It is well known that increased oxidative stress in the tumor microenvironment can
lead to increased tumor cell death via several pathways. The co-culture assays between
MCE-7 cells and macrophages showed that the oxidative stress markers assessed
(malondialdehyde, carbonylated proteins, and hydrogen peroxide) were detected in all
culture conditions analyzed (Fig. 5a—c). In particular, the cell-free co-culture medium
exposed to NPs had higher hydrogen peroxide levels than the cultures containing only
macrophages (Fig. 5a).

In tests with the cell line MDA-MB-231, indicators of oxidative stress were also
detected under all conditions studied, but few differences were observed (Fig. 5d—f).
It was demonstrated that co-culture of the cell line MDA-MB-231 with THP-1 mac-
rophages exposed to Pani/y-Fe,O; NPs for 24 h resulted in increased levels of pro-
tein carbonylation in the co-culture medium compared with cultures containing
macrophages alone (p<0.05, paired t-test; Fig. 5f). In addition, it was observed that
the medium from co-cultured tumor cells and macrophages exposed to NPs had sig-
nificantly higher hydrogen peroxide levels than the medium from cell controls without
stimuli (p<0.05, paired t-test; Fig. 5d). After 48 h, higher levels of malondialdehyde
(p=0.0422, paired t-test; Fig. 5d), protein carbonylation (p=0.0114, paired t-test;
Fig. 5e), and hydrogen peroxide (p=0.0248, paired t-test; Fig. 5f) were found in the
medium of co-cultures exposed to NPs.

Overall, the results demonstrated that exposure to Pani/y-Fe,O; NPs had minimal
effects on oxidative stress indicators in co-cultures with MCE-7 cells. However, in co-
cultures containing MDA-MB-231 cells, there was a remarkable increase in indicators of
lipid peroxidation, malondialdehyde, and protein carbonylation.

Effect of Pani/y-Fe,0; NPs on the macrophage gene expression

Because of the close relationship between iron metabolism and macrophage pheno-
type, IONPs can alter the gene expression of M1 and M2 macrophage markers. There-
fore, the effect of Pani/y-Fe,O; NPs on gene expression of anti-/pro-inflammatory
cytokines, arginase-1 (ARG-1), iNOS, and macrophage surface receptors associated
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with M1 and M2 phenotypes was investigated by qPCR. It was found that CD86, CD80,
and ARG -1 genes were not expressed at either incubation time (Fig. 6a). THP-1 mac-
rophages showed little change in their gene expression of M1 and M2 markers when co-
incubated with MCF-7 cells (Fig. 6a). After 48 h, the expression of IL-10 was higher in
macrophages from co-cultures than in macrophages incubated with the culture medium
alone (p<0.05, paired t-test). In addition, macrophages co-cultured with MCF-7 cells
and exposed to NPs showed increased expression of the IL-12 gene at 24 h (p=0.0078,
paired t-test) and the TNF-a gene at 48 h (p=0.0453, paired t-test).

When co-cultured between MDA-MB-231 cells and THP-1 macrophages, it was
observed that macrophages co-cultured with tumor cells and exposed to NPs had
increased iNOS expression compared to macrophages co-cultured with MDA-MB-231
cells in the absence of NPs (p =0.0200, paired t-test) (Fig. 6b).

These results suggest that Pani/y-Fe,O; NPs can modulate macrophage polarization
in the presence of tumor cells, which may have implications for cancer immunotherapy.

Discussion

In recent years, there has been a significant increase in the exploration of nanoparticles
as a means of enhancing antitumor response and modulating the immune system. In
particular, IONPs have been shown to be effective immunopotentiators in the treatment



Nascimento et al. Cancer Nanotechnology (2023) 14:74 Page 10 of 21

a b
-10 CD206 10 CD206
1.5%105- = 2h 2105 = 2h 3x105. - 2n 3610 = 2h
- 48h - 48h - 4gh - 48h
- e . o
G 5 9 5
3 g o I 3
& seaon & & txtoe & a0
set0-
o o oo re @ & P 0
CLES S Sl e Ll e :ﬁyﬁg.\ﬁ O j; & EIAE ELAS
G S S S R s G ES
$ $ F F A ot & e
« & & & & A I i”’ &
+ ol
«
L-12 TNF-a 112 TNE-
310 =0.0078 - 2an xt0 50.0453 = 241 “
- i —- -
= 2x10% e oxtot 3x10° 1.5%10¢
g g 5 1
i Zaw § 20 8 o
& putos & 4 4
20 1%10- 5x10°
’ O o* ® N Q® ’ O g ® AN ¢ o
VL P& CELL S LA O & P&
Gy R e e P
« ¥ *)_a“ *,;-’Q < *or*e'y\)
« « & « G
iNOS *l"
e - n
= aon
axto+
e
§
2 2eto-
o
. .
PLLE $ Ll
Pty oty
F e
« A

Fig.6 In A/L-10,CD206, IL-12, TNF-a, and iNOS expression in THP-1 macrophage co-cultured with MCF-7 cells.
In B IL-10, CD206, IL-12, TNF-a, and iNOS expression in THP-1 macrophage co-cultured with MDA-MB-231 cells.
Data are presented as mean =+ standard deviation and are representative of five independent experiments.
Statistical analysis was performed using paired t-test. (¥) p <0.05 compared to macrophage control without
stimulation. (Bar) p <0.05 between co-cultures containing tumor cells and exposed and non-exposed
macrophages to NPs, p-value indicated in the graph. NPs = Pani/y-Fe,05; M@ =macrophages

of various cancers, including breast cancer (Zanganeh et al. 2016; Costa da Silva et al.
1479; Zhang et al. 2020, 2019; Zhou et al. 2020; Jin et al. 2019; Gu et al. 2019; Dalzon
et al. 2019; Mulens-Arias et al. 2021). In this study, we investigated the potential of Pani/
y-Fe,O; as a platform to modulate the polarization of macrophages in the tumor micro-
environment and promote a tumor-suppressive pro-inflammatory phenotype.

For the use of IONPs in macrophage reprogramming assays, it is crucial to evaluate
their biocompatibility before practical application. Therefore, we examined the viabil-
ity of tumor cells and macrophages exposed to different concentrations of Pani/y-Fe,O4
NPs using the MTT assay. After 24 h of incubation, the Pani/y-Fe,O; NPs showed obvi-
ous toxicity to THP-1 macrophages at concentrations above 0.06 mg/mL (60 pg/mL). As
for the cytotoxicity of breast cancer cell lines, NPs generally showed toxicity at concen-
trations above 1.5 mg/mL (1500 pug/mL). The mechanisms by which Pani/y-Fe,O; can
be toxic to cells are already known. It has been shown that the cytotoxicity of colloidal
dispersions of Pani/y-Fe,O; NPs is directly related to the mass ratio between the Pani
polymer, the y-Fe,O; core, and the tested concentration in the culture medium (Bober
et al. 2016). Furthermore, the Pani polymer itself induces cytotoxicity, as does its col-
loidal form (Humpolicek et al. 2012). It has also been demonstrated that the cytotoxicity
of Pani is mainly due to the presence of ammonium persulfate (APS) and low molec-
ular weight polar substances, as the APS is water-soluble, and its residues can be eas-
ily released from insoluble Pani when exposed to physiological conditions in the body
(Kasparkova et al. 2019). Bober et al. (2016) evaluated the cytotoxicity of Pani/y-Fe,O4
NPs in mouse embryonic fibroblasts (NIH/3T3) and found that reducing the amount
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of Pani in the colloid had a positive effect on cytocompatibility. However, reducing
the amount of Pani below the critical limit should be avoided because the cytotoxic-
ity results of this study also showed that the Pani/y-Fe,O; colloid compound exhibited
better cytocompatibility than pure y-Fe,Os, paving the way for potential applications of
such systems in biotechnology and biomedicine (Bober et al. 2016). As for the y-Fe,O4
core, the literature generally indicates that IONPs have low toxicity to mammalian mod-
els, which contributes to their use in biomedical applications (Petters et al. 2014). The
results of this study indicate that Pani/y-Fe,O; NPs have excellent cytocompatibility
with the tested cells. In particular, at concentrations of <0.06 mg/mL (60 pg/mL), these
NPs showed good cytocompatibility with THP-1 macrophages, leading to their selection
for transwell assay.

When assessing the effect of exposure to Pani/y-Fe,O; NPs on co-cultures of mac-
rophages and MCEF-7 cells in a transwell system, a higher percentage of apoptotic
MCE-7 cells was observed in cultures exposed to NPs, suggesting that the presence of
NPs enhances the pro-apoptotic ability of macrophages. Previous in vitro and in vivo
studies on the effect of IONPs in macrophage reprogramming confirmed that NPs are
degraded in lysosomes after phagocytosis by macrophages, leading to intracellular iron
accumulation (Weinstein et al. 2010). According to current knowledge, the intracellular
oxidative stress caused by iron may be correlated with the activation of various iron-
regulated genes (Gu et al. 2019). Accumulated iron may positively regulate ferritin levels
in macrophages and reprogram these cells from an M2-like phenotype to an M1-like
phenotype, increasing the expression of CD86 and TNF-a genes (Laskar et al. 2013).

The results of the co-cultures between MCF -7 cells and THP-1 macrophages also
showed that exposure to Pani/y-Fe,O; NPs was able to reduce the levels of IL-1f in the
culture supernatant and to increase the expression of genes related to the M1 profile (IL-
12 and TNF-a) in the macrophages. However, no changes were observed in the levels of
oxidative stress markers. The increase in the percentage of apoptotic MCF-7 cells in the
co-cultures exposed to Pani/y-Fe,O; NPs may be related to the decrease in IL-1p secre-
tion because TAMs have been described to protect colon cancer cells from apoptosis
by secreting IL-1f. In the same study, it was found that inactivation of IL-1p by neu-
tralization with an anti- IL-1f antibody or silencing of IL-1f inhibited the ability of mac-
rophages to suppress apoptosis (Kaler et al. 2010). Studies have shown that IL -1p plays
a divergent and contradictory role in the tumor microenvironment (Baker et al. 2019).

There is evidence to support the pro-tumorigenic role of IL-1p. For example, IL-1f
is positively regulated in solid tumors such as breast cancer, colon cancer, lung cancer,
head and neck cancer, and melanoma, and patients with IL-1p producing tumors gen-
erally have an unfavorable prognosis (Apte et al. 2006). Moreover, several in vitro and
in vivo studies suggest that IL-1p plays a promoting role in tumor growth (Krelin et al.
2007). Another observation is that the production of IL-1B by myeloid cells in a mel-
anoma model led to the activation of endothelial cells that produced VEGF and other
pro-angiogenic factors, resulting in modulation of the tumor inflammatory microenvi-
ronment, increased angiogenesis, and tumor progression (Baston-Biist et al. 2012). How-
ever, other studies also highlight the ability of IL-1p to induce Th1l and Th17 responses,
cells with potent anti-tumor properties (Baker et al. 2019). It has also been observed that
IL-1P keeps metastatic cells in a differentiated state and prevents their establishment in
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other parts of the body (Castano et al. 2018). In contrast, another study provided evi-
dence for the opposite role of IL -1p, leading to an increase in the invasive capacity of
colon cancer cells (Li et al. 2012). Therefore, these conflicting results regarding IL-1p
need to be carefully considered when developing cancer therapies aimed at inducing or
inhibiting IL-1f.

Regarding macrophage gene expression in co-culture with MCEF-7 cells, increased
expression of IL-12 and TNF-a genes showed that Pani/y-Fe,O; NPs were able to
increase gene expression associated with the M1 phenotype. Previous in vitro studies
have shown that IONPs induce a phenotypic shift of macrophages toward an M1 profile
with increased expression of IL-12 and TNF-a (Zanganeh et al. 2016; Mulens-Arias et al.
2015). Moreover, this polarization toward an M1-like phenotype by IONPs may also
trigger an increase in the Fenton reaction, a redox reaction in which Fe (II) is oxidized by
H,0, to Fe (III), which in turn is reduced to the hydroxyl ion and hydroxyl radical, ini-
tiating programmed cell death of tumor cells by caspase 3/7-dependent apoptosis (Zan-
ganeh et al. 2016). Despite the effects of ROS on cell apoptosis, the study showed that
Pani/y-Fe,O3; NPs were unable to induce changes in the levels of oxidative stress markers
in co-cultures of MCF-7 cells and macrophages. Therefore, the results suggest that the
increased apoptosis of MCF-7 cells in such co-cultures may be related to the reduction
of IL-1f secretion by macrophages.

It is important to note that of the various transcriptional reprogramming pathways
that iron oxide nanoparticles can trigger in macrophages, some are related to various
cell death processes such as apoptosis, ferroptosis, and autophagy. The balance between
all signaling pathways activated by a particular IONP will determine the fate of the mac-
rophage (Mulens-Arias et al. 2021).

In the co-cultures of MDA-MB -231 cells and macrophages exposed to Pani/y-Fe,O4
NPs, an increase in the percentage of dead cells (Sytox*/Caspase 3/77) was observed.
A significant increase in the levels of IL-6 and IL-1f was also observed in the cell-free
medium of these co-cultures. The direct effect of IL-6 on breast cancer cell growth is
not fully elucidated, and the results are contradictory: studies show direct growth inhibi-
tory effects, while others show growth-promoting effects (Dethlefsen et al. 2013). Recent
studies suggest that the inhibitory effect of IL-6 depends on the activation of the Jak/
Stat3 pathway, which is active in more than 50% of breast cancer tumors and cell lines
and plays a critical role in controlling growth, migration, and metastasis (Dethlefsen
et al. 2013; Barbieri et al. 2010; Leslie et al. 2010). On the other hand, studies have shown
that the response to IL-6 is also related to the status of hormone receptors, and no effect
on proliferation, growth, or tumor inhibition was observed for the MDA-MB-231 cell
line (Dethlefsen et al. 2013; Asgeirsson et al. 1998; Johnston et al. 1992). Contrastingly,
as mentioned earlier, the rise in production of the cytokine IL-1f is associated with safe-
guarding tumor cells against apoptosis. Nonetheless, IL-1p can also trigger cell death
through a mechanism that necessitates the activation of p38MAPK and IKKp, culmi-
nating in the upregulation of iNOS and the production of toxic levels of nitric oxide
(Kaler et al. 2010; Vercammen et al. 2008). Aligned with this information, the co-culture
assays further unveiled that exposure to Pani/y-Fe,O; NPs resulted in increased iNOS
gene expression in THP-1 macrophages and elevated levels of oxidative stress markers
(malondialdehyde, carbonylated protein, and hydrogen peroxide), in the co-cultures,



Nascimento et al. Cancer Nanotechnology (2023) 14:74 Page 13 of 21

indicating that the NPs induced oxidative stress in the THP-1 macrophage and MDA-
MB-231 cell co-cultures. Importantly, it is recognized that an excess of ROS can lead to
lipid peroxidation of cellular membranes, subsequently resulting in structural impair-
ments that culminate in cell rupture and death through pathways distinct from apopto-
sis (Tang et al. 2019).

MDA-MB-231 represents a subtype of breast cancer known as triple-negative breast
cancer (TNBC), constituting around 15-20% of all breast carcinomas. Perturbing sta-
tistics highlight that more than 50% of patients encounter a relapse within the initial
3-5 years following diagnosis, while the current therapeutic approaches yield a median
overall survival of only 10.2 months (Li et al. 2022). Through our examination of this
highly aggressive triple-negative breast cancer cell line, our investigation casts illumi-
nation on the efficacy of iron oxide nanoparticle-based therapy, furnishing valuable
insights into its potential utility. The treatment of triple-negative breast cancer poses
a substantial challenge due to its aggressive nature and the absence of actionable tar-
gets (Tarantino et al. 2022). Hence, the investigation of novel and innovative treatments
for this subtype takes on extreme significance. Our research outcomes play a substan-
tial role in the discovery of new treatments and have the potential to lay the basis for
enhanced therapeutic strategies targeting triple-negative breast cancer.

The breast cancer cell lines MCF-7 and MDA-MB-231 display numerous phenotypic
and genotypic disparities, and these variations could prove pivotal in elucidating the
observed outcomes concerning the impact of iron oxide nanoparticles on macrophage
reprogramming treatment (Theodossiou et al. 2019). It is important to emphasize that
the selection of these two specific cell lines for this study was driven by the objective to
comprehensively assess the therapeutic viability of Pani/y-Fe,O; across a spectrum that
encompasses highly diverse forms of breast cancer. Our research outcomes elucidate
that variations in receptor status among these cell lines yield diverse treatment responses
and distinctive cellular behaviors. Considering the observed dissonance in cytokine pro-
files between the two cell lines, we can infer that these profiles significantly underpin
discrepant outcomes in both macrophage reprogramming and treatment responsive-
ness. Cytokines play a central role as primary mediators within the complex mechanisms
of tumor development and metastasis. Certain cytokines not only enhance the tumor’s
skill in evading immune surveillance but also manipulate immune system responses to
its benefit (Chen et al. 2020). Moreover, cytokine levels have been correlated with tumor
stage, survival, and malignancy, making them potential prognostic factors, in addition to
their impact on tumor progression (Esquivel-Veldzquez et al. 2015). Furthermore, there
exists a correlation between cytokine levels and crucial tumor aspects such as stage, sur-
vival rates, and malignancy. This correlation positions cytokines as potential prognostic
factors, supplementing their influence on the progression of tumors (Theodossiou et al.
2019).

It is important to note that the development of studies based on macrophage repro-
gramming using IONPs remains largely empirical. The lack of standardization of pre-
clinical studies and the variability of experimental conditions and results still represents
a barrier to the creation of IONP-based therapies (Nascimento et al. 2021). Breast can-
cer is a highly heterogeneous disease, and recent genome analyses have shown that
breast cancer cells accumulate more than 1,000 mutations (Koboldt et al. 2012). This
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genetic diversity is reflected by the multiplicity of breast cancer types, each with a differ-
ent prognosis and approach to treatment (Dethlefsen et al. 2013). In our in vitro study,
the results indicated that exposure to Pani/y-Fe,O5 NPs was capable of enhancing mac-
rophage-induced cell death in tumor cell lines through various pathways. Additionally,
these nanoparticles demonstrated the ability to modulate biomolecules that are perti-
nent to susceptibility or resistance in breast cancer.

Hence, it is important to conduct additional research on the utilization of iron oxide
nanoparticles to reprogram macrophages for breast cancer treatment. This endeavor is
crucial for advancing our comprehension of the underlying mechanisms and maximiz-
ing therapeutic efficacy. Moreover, a comprehensive exploration of potential side effects
and nanoparticle toxicity is essential to ensure their secure implementation in clinical
contexts. Ultimately, the outcomes of such research could pave the way for the creation
of enhanced, personalized approaches for treating breast cancer patients.

Conclusion

The findings from this study offer compelling evidence that the Pani/y-Fe,O; nanopar-
ticles exhibit favorable attributes for utilization in biological systems, including their
cytocompatibility. Particularly noteworthy are the outcomes of in vitro co-culture exper-
iments, which reveal the nanoparticles’ potential to redirect macrophages toward an M1
phenotype characterized by tumor-suppressive traits. The alterations observed in gene
expression upon exposure to these nanoparticles bring about changes in the profiles of
pro-inflammatory cytokines and the production of reactive oxygen species (ROS) in the
culture supernatants. These modifications ultimately culminate in the demise of specific
types of tumor cells through distinct pathways.

The results of this study have important implications for the advancement of inno-
vative strategies in cancer treatment that focus on the tumor microenvironment. Spe-
cifically, the ability of Pani/y-Fe,O5 nanoparticles to shift macrophage behavior toward
an anti-tumor state, alongside their capacity to induce oxidative stress and trigger can-
cer cell death, positions them as promising candidates for further exploration in animal
models. However, it’s important to recognize that the lack of consistent approaches in
preclinical studies, along with the inherent diversity of breast cancer, presents significant
challenges when developing effective nanoparticle-based therapies.

Future research should prioritize addressing these challenges and uncovering the
mechanisms behind the observed effects of Pani/y-Fe,O5 nanoparticles on macrophages
and tumor cells. Such studies could lay the groundwork for innovative nanotherapeutic
strategies that manipulate the tumor microenvironment and enhance the effectiveness

of existing cancer treatments.

Methods

Synthesis and physicochemical characterization of maghemite nanoparticles coated

with polyaniline

Nanoparticles were developed at the Laboratory of Unconventional Polymers—LPNC,
at the Department of Physics of the Federal University of Pernambuco. Maghemite
nanoparticles coated with polyaniline were synthesized using the co-precipitation
method (Medina-Llamas et al. 2014). Specific production and characterization data
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can be viewed in our group’s previous study (Nascimento et al. 2023). In general,
the nanoparticles have a cuboid/spherical morphology and an average diameter of
37.87 £ 6.48 nm. TEM micrograph of Pani/y-Fe,O; NPs is presented in Additional file 1:
Figure S1. Nanoparticles have a hydrodynamic size of 442.78 +145.99 nm, which corre-
sponds to the size of the nanoparticle cluster, a polydispersity index of 0.4+0.08, and a
zeta potential of — 24.81 £0.38 mV.

Cells and culturing

MCEF-7, MDA-MB-231, and THP-1 cells were obtained from the Banco de Células do
Rio de Janeiro (BCRJ]). Human breast cancer cells (MCF-7 and MDA-MB-231) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Gibco), 1% penicillin (100 IU/mL), and
streptomycin (100 mg/mL) (PenStrep) (Gibco) and incubated at 37 °C in a humidi-
fied atmosphere containing 5% CO,. THP-1 cells were cultured in RPMI-1640 (ATCC
modification) (Gibco) supplemented with 10% FBS (Gibco), 1% PenStrep (100 IU/mL)
(Gibco), and incubated at 37 oC in a humidified atmosphere containing 5% CO,.

Differentiation of THP-1 monocytes into macrophages

To differentiate the THP-1 monocyte lineage into macrophages, cells were treated with
320 nM of phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) for 24 h. After this
time, the culture medium was removed, and the cells were washed with 1X phosphate-
buffered Saline (PBS), pH 7.2, and incubated for an additional 24 h in DMEM culture
medium supplemented with 10% FBS and 1% PenStrep. The cells were maintained in a
5% CO, and 37 °C incubator throughout the differentiation process.

Nanoparticles biocompatibility

To obtain a non-cytotoxic concentration suitable for co-culture assays using a transwell
system, we evaluated the cytotoxicity of Pani/y-Fe,O5 nanoparticles (NPs) on breast can-
cer cell lines (MCF-7, MDA-MB-231) and THP-1 cells differentiated into macrophages.

For the tumor cell lines, we seeded cells in 24-well plates at a density of 2 x 10° cells
per well and cultured them in DMEM medium supplemented with 10% FBS and 1%
PenStrep for 24 h. For THP-1 cells, cells were seeded in 12-well plates at a density of
3.8 x 10° cells per well and differentiated into macrophages by culturing them in DMEM
medium supplemented with 10% FBS, 1% PenStrep, and 320 nM PMA for 24 h. All cells
were incubated in a CO, incubator at 37 °C.

After the incubation period, cells were exposed to Pani/y-Fe,O; NPs at concentra-
tions of 0.5, 1, 1.5, 3, 6, and 9 mg/mL for 24 h (Zanganeh et al. 2016). For THP-1 cells
exposure to Pani/y-Fe,O3 concentrations of 0.01, 0.03, 0.06, 0.12, and 0.25 mg/mL was
also evaluated since the range 0.5-9 mg/mL was cytotoxicity. After exposure, the MTT
([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide) (Invitrogen) method
was performed to evaluate cell viability. Briefly, an MTT solution at a concentration of
0.5 mg/mL was prepared by dissolving the salt in DMEM medium supplemented with
10% FBS and 1% PenStrep. The culture medium in the wells was removed, and the cells
were washed three times with PBS 1X (pH 7.2). Next, 1 mL of the MTT solution was
added to each well, and the plates were incubated at 37 °C for 2 h. After incubation, the
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MTT solution was removed from the wells, and 1 mL of dimethyl sulfoxide (DMSO)
(Sigma-Aldrich) was added to each well. The plates were then placed on a plate shaker
(ICell) for 5 min to dissolve the formazan crystals, followed by a 5-min resting period for
color stabilization. The resulting, purple-colored solution was transferred to a 96-well
plate (Sarstedt), and the optical density (OD) was measured using a Spectramax 340pc
plate reader (Molecular Devices) at a wavelength of 570 nm. Cell viability was calculated
using the following formula: (mean absorbance of treated samples/mean absorbance of
control samples) x 100. After analyzing the data, the maximum non-cytotoxic concen-
tration of the nanoparticles was selected for each cell line, and this concentration was
used for the co-culture in vitro assays.

Transwell assays
Differentiated THP-1 monocytes into macrophages (1.8 x 10° cells per well) and MCF-7
and MDA-MB-231 tumor cells (3.6 x 10° cells per well) were co-cultured using a tran-
swell system (Sigma-Aldrich), with a 0.4 um membrane in DMEM culture medium con-
taining 10% FBS and 1% PenStrep. Macrophages were positioned in the upper chamber
and tumor cells in the lower chamber. Transwell inserts provide a cell co-culture envi-
ronment that closely emulates in vivo conditions. The presence of 0.4 um pores in the
insert membrane facilitates a dynamic interaction between the two cell types. Moreover,
utilizing this system enhances our comprehension of Pani’s influence on macrophage
reprogramming within the co-culture context involving breast cancer tumor cells,
thereby yielding invaluable insights for our study. The decision to maintain a tumor cell-
to-macrophage ratio of 2:1 stems from the recognition that, in the context of breast can-
cer, M2 TAMs can constitute up to 50% of the tumor’s cellular mass(Solinas et al. 2009).
After 24 and 48 h of exposure, tumor cells were labeled with CellEvent " Caspase-3/7
Green Flow Cytometry Assay (Invitrogen) and SYTOX® AADvanced dead cell stain
(Invitrogen), according to the manufacturer’s instructions. Briefly, 1 pL of the CellEv-
ent'" Caspase-3/7 Green Detection Reagent (500 nM) was added to each well of the
plate containing tumor cells. The samples were incubated for 30 min at 37 °C, protected
from light. During the last 5 min of staining, 1 pL of SYTOX " AADvanced"" solution
(1 uM) was added to each well of the plate containing tumor cells, and the samples
were incubated at 37 °C. After the labeling procedure, the cells were collected in 15 mL
tubes. Next, centrifugation was performed at 1000 rpm for 10 min, and the samples
were suspended in 300 pL of PBS 1X followed by transfer to 5 mL polystyrene tubes
(BD Biosciences). The samples were analyzed using excitation of 488 nm and collecting
fluorescence emission using a 530/30 bandpass filter and a 690/50 bandpass filter. A total
of 100,000 events were acquired in the LSR Fortessa flow cytometer (BD Biosciences).
Compensation was performed with polystyrene microparticles conjugated with anti-
mouse Kappa chain antibodies (BD Compbeads anti-mouse, BD Biosciences).

Cytokine profile

To determine the cytokine profile in the co-culture system, the CBA Human Inflamma-
tory Cytokines Kit (BD Biosciences) was used to measure the cytokines IL-1p, IL-6, IL-8,
IL-10, TNF-a, and IL-12p70 in the medium. The protocol was performed according to
the manufacturer’s instructions. A total of 2100 events (350 per bead) were acquired
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on the FACS Verse flow cytometer (BD Biosciences) and the data were analyzed using
FCAP Array " V3.0 software (BD Biosciences).

Gene expression analysis

Total RNA was extracted from macrophages obtained from the co-culture with tumor
cells using the PureLink™ RNA Mini Kit (ThermoFisher Scientific). The purified RNA
was transcribed into cDNA using the High-Capacity RNA-to-cDNA kit (Applied Bio-
systems) following the manufacturer’s instructions. GAPDH was used as the constitutive
expression gene.

The mRNA of the constitutive expression gene and the genes of interest were
amplified and detected using the TagMan® probe system (Applied Biosystems):
GAPDH (Hs02758991_m1l), CD80 (Hs01045161_ml), CD86 (Hs1567026_ml),
ARGI (Hs500163660_m1), IL-12B (Hs01011518_ml), iNOS (Hs01075529) MRCI1
(Hs00961622), IL-10 (Hs00961622) and TNF-a (Hs00174128) according to the manu-
facturer’s instructions. The cycling was performed using the ViiA 7 Real-Time PCR
System (Applied Biosystems). Reactions were executed in triplicate in a 10 pL volume,
with the following cycle parameters: enzyme activation (10 min at 95 °C), followed by
40 cycles (each cycle consisting of 15 s at 95 °C and 1 min at 60 °C). The cycle threshold
was automatically determined by the QuantStudio” 6 and 7 Flex Real-Time PCR System
Software (Applied Biosystems). Data analysis was performed using the 272" method
(Schmittgen and Livak 2008). Samples with no expression of the gene of interest were
considered 274t =0,

Oxidative stress markers assays

The detection of malondialdehyde (MDA) content in culture supernatants is a useful
indicator of lipid peroxidation in cells, and therefore, the level of cellular damage caused
by oxidative stress. MDA is a catabolic product of lipid peroxidation that reacts with
thiobarbituric acid (TBA) to produce a red compound with a maximum absorption
peak at 532 nm. To quantify MDA levels, it was used the malondialdehyde colorimetric
assay kit (Elabscience Biotechnology) followed the manufacturer’s protocol. The OD was
measured using a Spectramax 340pc plate reader (Molecular Devices) at a wavelength of
532 nm.

To measure hydrogen peroxide levels, we used the Pierce” Quantitative Peroxide
Assay (aqueous-compatible formulation) commercial kit (Thermo Scientific). This assay
uses an iron and xylenol orange reagent to detect and measure hydrogen peroxide lev-
els in biological samples. The OD was measured using a Spectramax 340pc plate reader
(Molecular Devices) at a wavelength of 595 nm.

Protein oxidation by ROS can lead to the production of carbonyl groups, which are an
indicator of oxidative damage. We measured the carbonyl group content using the Pro-
tein Carbonyl Content Assay commercial kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. This assay involves the derivatization of protein carbonyl groups by
2,4-dinitrophenylhydrazine (DNPH), which forms stable dinitrophenylhydrazone (DNP)
adducts. The OD was measured using a Spectramax 340pc plate reader (Molecular

Devices) at a wavelength of 375 nm.
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For the calculations of MDA and carbonyl group content, it was determined the pro-
tein content using the Pierce” BCA Protein Assay kit (Thermo Scientific), following the

manufacturer’s protocol.

Statistical analysis

All statistical analyses were performed using GraphPad Prism version 6.04 (GraphPad
Software). Results are expressed as mean=standard deviation (s.d.) of at least three
independent experiments. Data normality was previously evaluated using the Shap-
iro—Wilk test. Kruskal-Wallis test followed by Dunn’s test for non-normally distributed
groups. Paired group comparisons were conducted using the paired t-test for normally
distributed groups. Values of p <0.05 were considered statistically significant.

Abbreviations

ARG1 Arginase 1

CBA Cytometric bead array

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

DMT-1 Divalent metal transporter-1
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GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HO-1 Heme oxygenase
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IONPs Iron oxide nanoparticles

MDA Malondialdehyde
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NPs Nanoparticles
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PenStrep Penicillin, streptomycin, and amphotericin B
PMA Phorbol 12-myristate 13-acetate

RNS Reactive nitrogen species

ROS Reactive oxygen species

RPMI 1640 Roswell Park Memorial Institute 1640
RT-qPCR  Real-time quantitative reverse transcription PCR

TAMs Tumor-associated macrophages
TBA Thiobarbituric acid
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Additional file 1: Fig. S1 Transmission electron microscopy micrographs of Pani/y-Fe,O; nanoparticles clusters. The
white bar indicates the scale. Fig. $2 Uptake of NPs of Pani/y-Fe,O; by THP-1 macrophages. a) Brightfield microscopy
images of Pani/y-Fe,O; nanoparticles obtained by ZOE Fluorescent Cell Imager (Scinomics). b) Transmission electron
microscopy micrograph of Pani/yFe,O; nanoparticles into macrophages. Pani/y-Fe,O; nanoparticles were mainly
observed in endosome structures of macrophages (black dots and red arrows). The nanoparticle aggregates (black
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dots) appeared randomly distributed throughout the cytoplasm of macrophages. The black and white bars indicate
the scale.
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