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ABSTRACT: Cancer and fibrosis are two pathological conditions that although of different clinical appearance
have several shared characteristics, most likely because of a common etiology (for example in case of Silica). Here,
we present a comprehensive review of the literature, with respect to Crystalline Silica, a known carcinogenic and
fibrogenic agent, aiming to highlight common denominators between both diseases, as well as their differences.
The results from various studies point to the involvement of the immune response, cancer-associated fibroblasts
(CAFs), cellular communication and various signaling pathways, including Notch, Wnt/B-catenin, and YAP/TAZ
in their respective pathogenesis. In particular, pro-inflammatory cytokines are reported to trigger a stromal reaction
mediated by adaptive immunity, leading to fibrosis. Conversely, an imbalance between the Treg and Teff cells
alongside the activity of CAFs promotes cancer development. The Wnt/B-catenin pathway appears to play a pivotal
role in these divergent responses. We propose a working hypothesis based on the mechanisms of action of silica and
its effect with the perspective of developing targeted therapies for silica-induced disease.
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1 Introduction

In 1966, Allison et al. showed that the cytotoxic effect
of silica on macrophages occurs through the contact
of silica with secondary lysosomes, triggering enzyme
release in the tissue environment, which in turn would
recall fibroblasts [1]. Sixty years ago, the pathogenesis
of fibrogenesis seemed clear. Nowadays, it is known
that Crystalline Silica (CS) is a certain carcinogen [2]
and it is also capable of inducing a particular pneumo-
coniosis named silicosis [3,4]. However, some questions
are still unresolved. We do not know why, in some
subjects exposed to dust containing CS, silicosis occurs,
while in others, lung cancer occurs. Consequently, what
are the mechanisms that cells use either to escape cancer
or to escape fibrosis and determine cancer? Besides this,
the role of various signaling systems, cells, and pro-
cesses should be considered. It can therefore be argued
that silica either acts as a standard cytotoxic agent or
induces a distinct biological response in certain individ-
uals, potentially explaining the observed variations in
cellular and tissue behavior.

The aim of this article is to answer the above
questions but also to verify the current state of sci-
entific literature. Building upon these inquiries, this
review seeks to integrate several traditionally disparate
elements: the toxicological agent CS, its pathological
outcomes (specifically carcinogenesis and fibrosis), and
the mechanistic pathways through which these effects
are determined.

2 Literature Search

We conducted a narrative review with a structured
search of PubMed/Medical Literature Analysis and
Retrieval System Online (MEDLINE, https://pubmed.
ncbinlm.nih.gov), and Scopus (https://www.scopus.
com) using controlled vocabulary and free-text terms
for “silica”, “silicosis”, “lung cancer”, “alveolar epithe-
lial cells”, “macrophages”, “neutrophils”, “immunity”,
and “microenvironment”. No artificial intelligence
(AI)-driven analysis, data generation, or study design

support was employed.

3 Pathogenic Mechanisms and Microenvironment
Alterations

3.1 Crystalline Silica

“There is no requirement to classify respirable CS
(RCS) as a carcinogen if silicosis is used as the piv-
otal endpoint for classification”: this is a conclusion
of an evaluation arising from Classification Labelling
Packaging (CLP), Globally Harmonized System of
Classification and Labelling of Chemicals (GHS) [5]
that fixed according to this classification some terms:
“Dust is defined as solid particles of a substance or a
mixture suspended in a gas (usually air)” [5] and “The
respirable fraction is the mass fraction of inhaled par-
ticles penetrating to the unciliated airways” [5]. Silica is
harmful only if its dimensions are <5 um, because only
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in this case it reaches unciliated airways [6]. Then only
RCS would be capable of inducing damage, and indeed,
there is no evidence that specific health effects due to
CS dust exposure are caused by other dust fractions, by
other occurrences of CS, or by other routes of exposure
to CS[7]. Thus, as stated, “. . .the substance of relevance
to classification is RCS. This is the case whether it
is present alone or when present in a mixture.” [5,8].
Another conclusion derived by epidemiological studies
concerns the circumstance that lung cancer is more
frequent in the subjects affected by silicosis and much
less in workers only exposed to RCS [9], then actually
one might conclude that silicosis should be considered
a biomarker of susceptibility to lung cancer.

In this review, we will discuss the two main out-
comes of exposure to RCS, i.e., fibrosis vs. cancer. To
build up a pathogenetic continuum, we will present
first the initial damage by RCS and DAMP release,
subsequent innate immune activation (inflammasome,
NF-xB), its evolution into chronic inflammation,
which brings divergent adaptive immune and stromal
responses (Treg/effector imbalance, CAF activation,
Notch signaling), with final outcome decision (fibrosis
Vs. cancer).

3.2 RCS and Cell Damagel Death

Two mechanisms regarding silica and cell dam-
age/death and subsequent inflammation have been
proposed: (1) silicon-based free radicals directly react
with cellular components like DNA, carbohydrates,
proteins and lipids and cause macrophage activation
and death through interaction with membrane con-
stituents [10]; (2) macrophages and/or alveolar cell
activation which follows silica phagocytosis results
in the release of cytotoxic enzymes, reactive oxygen
species (ROS), reactive nitrogen species (RNS), inflam-
matory cytokines and chemokines [10—12]. Eventually,
cell death occurs with the release of the silica particle,
and the recruitment and activation of polymorphonu-
clear neutrophils/leukocytes (PMNs) and additional
alveolar macrophages [10]. The result would be oxida-
tive stress and lung injury that would be capable
of stimulating alveolar macrophages and/or alveo-
lar epithelial cells to produce growth factors and
fibrogenic mediators, along with fibroblast activa-
tion and pulmonary fibrosis [13]. Thus, a continuous
ingestion-reingestion cycle, with cell activation and
death, occurs. The persistent inflammation due to
prolonged recruitment of macrophages and PMNs rep-
resents the primary step in silicosis [10] (figure 1A4).
An important role would be played by the generation
of ROS present on silica or generated by stimulated
cells; they would damage the lung epithelia and might
induce DNA damage or cell proliferation contribut-
ing to carcinogenesis [14]. Figure B represents the
pathogenesis of silica-associated cancer. It is possible to
observe that the repeated injury to alveolar epithelial
cells/macrophages and the inflammatory process ensu-
ing from cell damage are common to the pathogenesis
of fibrosis. Eventually, the genotoxic effects prevail,
and activation of proto-oncogenes to oncogenes, as well
as the loss of onco-suppressor genes, pave the way to
cancer. The pre-neoplastic niche exerts a pivotal role in
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tumorigenesis, driven by an altered Treg/Teff ratio and
the activity of cancer-associated fibroblasts (CAFs).

Vallyathan et al. [15] demonstrated that silicon-
based free radicals can be generated and that freshly
ground silica is more biologically reactive than aged
silica, because the former activates a greater respiratory
burst in alveolar macrophages than the latter. In addi-
tion, freshly ground silica exhibits a greater cytotoxic
effect on cellular membrane integrity, i.e., a 1.5-fold
increase in LDH release from macrophages, a 36-fold
increase in hemolytic activity, and a three-fold increase
in the ability to induce lipid peroxidation. Because
acute silicosis is frequently associated with occupations
in which freshly fractured CS of respirable size is gener-
ated, the present study suggests that fracture-generated
silicon-based radicals may play a significant role in the
pathogenesis of this disease.

A recently validated critical mechanism in silicosis
is ferroptosis [16]. Indeed, Sun et al. [1 7] demonstrated
that Silica was capable of inducing ferroptosis via acyl-
CoA synthetase long-chain family member 4 (ACSL4),
in particular by reducing the activity of glutathione
peroxidase 4 (GPX4) through the ACSL4/p38 MAPK
signaling pathway, thereby provoking ferroptosis of
hepatocytes. Notably, Ferrostatin-1 (Fer-1, known fer-
roptosis inhibitor) abrogated the effect induced by
silica [17]. Ferroptosis was also observed in in vivo and
in vitro studies in macrophages, which, upon exposure
to SiO,, showed iron overload, oxidative stress, lipid
peroxidation, and gene expression alterations, includ-
ing a decrease in GPX4 expression [18]. Ferroptosis
may cause cell membrane damage [19] and release pro-
inflammatory damage-associated molecular patterns
(DAMPs) that trigger the innate immune response,
including the alarmin ATP and pro-inflammatory
cytokines [20]. Moreover, the ferroptotic macrophages
potentially foster the activation of fibroblasts into
myofibroblasts and promote collagen deposition by
secreting pro-fibrotic and pro-inflammatory factors,
such as IL-1B, TNF-a, and TGF-B. Fer-1 attenuated
ferroptosis in SiO,-treated RAW264.7 macrophages
by inhibiting lipid peroxidation and cell death [18].
Moreover, considering that in dendritic cells (DCs),
retinoic acid (RA) interferes with lymphocyte homing
and immune cell trafficking, and it was demonstrated
that overactivation of RA signaling promotes a type I
interferon pathway that enhances Th2-associated air-
way inflammation [21,22], Li et al. [23] showed that
silica-induced ferroptosis in DCs provokes lipid peroxi-
dation and subsequent activation of RA signaling. This
interaction enhances cGAS-STING and IL-1p signal-
ing, driving both inflammation and fibrosis. They also
verified that ferrostatin-1 was capable of attenuating
fibrosis in a mouse model of silicosis [23].

In silicosis, the role of mitochondrial damage
should not be neglected. Zhou et al. [24] demonstrated
that silica-induced mitochondrial DNA (mtDNA)
leakage activates innate immunity through the inflam-
matory ¢GAS-STING-type 1 interferon and IL-1B
pathways, while mitochondrial ROS (mtROS) drives
TGF-B1 maturation and myofibroblast activation.
Mitochondrial fusion, fission, and mitophagy consti-
tute an integrated quality control mechanism designed
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Figure 1: Silica toxic, fibrotic, and carcinogenic effects. (A) Silica dust exposure as respirable crystalline silica (RCS) can activate
macrophages, damage alveolar epithelial cells, and then initiate inflammation reactions through the activation of PTK, PI3K, and NF-
kB pathways. In turn, these inflammatory factors induce multiple signaling pathways, such as TGF-$ and TNF-a signaling pathways.
Repeated inflammation and cell death promote the formation of fibroblasts and myofibroblasts, increase extracellular matrix (ECM)
deposition and remodeling, accelerate the release of fibroblasts and epithelial-mesenchymal transition (EMT) process, thus resulting in
the destruction of alveolar structures and fibrosis. (B) Silica can influence the process of carcinogenesis via several pathways. Persistence
of RCS in the lungs is toxic to alveolar epithelial cells and resident macrophages either directly or indirectly via reactive oxygen species
(ROS). Activated macrophages produce cytokines/chemokines/oxidants known to facilitate cancer development, while oxidants induce
epithelial cell genotoxicity/injury/proliferation. In response to the chronic inflammation induced by prolonged RCS exposure (upper
portion of figure), physiological host processes designed to minimize ongoing immune stimulation are triggered. This results in the
creation of an immunosuppressive microenvironment characterized by the presence of regulatory T cells (Treg). Cancer-associated
fibroblasts (CAFs) and tumor cells are linked by a vicious crosstalk that ultimately leads to tumor progression. Abbreviations: IL:
interleukin; NF-xB: nuclear factor-xB; PI3K: phosphoinositide 3-kinase; PTK: protein tyrosine kinase; TGF-f: transforming growth
factor-B; RNS: reactive nitrogen species; TNF-o: tumor necrosis factor-o.

to maintain cellular health by segregating and elim-
inating dysfunctional components. This cycle, often
described as a “kiss and run” process, ensures that dam-
aged mitochondria are removed (“mitophagy”) before
they can propagate oxidative damage throughout the
mitochondrial network [25]. Silica was demonstrated to
induce a leakage of this mechanism, inducing altered
mitophagy, and this is involved in inflammation and
fibrosis [26].

Cell death by ferroptosis and mitochondrial
damage are acquiring more and more importance
in the development of inflammation/innate immune
responses and should be further studied to find novel
therapeutic targets.

3.3 RCS and AcutelChronic Inflammation

Ingestion of silica crystals by resident macrophages
of the small airways elicits an inflammatory response
characterized by the release of cytokines, such as inter-
leukin (IL)-1B and tumor necrosis factor (TNF)-a,
that becomes chronic following continuous exposure
to RCS.

In this context of acute inflammation, nuclear fac-
tor kB (NF-kB) plays an important role. NF-xB is a
transcription factor that controls the gene expression
of various molecular signals, such as growth fac-
tors, chemokines, cytokines, and adhesion molecules
involved in the inflammatory response. The canonical
NF-xB pathway is activated mostly by the stimula-
tion of proinflammatory receptors, such as the TNF
receptor superfamily, the Toll-Like receptor family
(TLRs), and by cytokine receptors for the inter-
leukins [27]. NF-xB is present in the cytoplasm as an
inactive form bound to an inhibitory protein (IxB),
and it can be activated when IxB is phosphorylated
by IkB kinase (IKK). Once activated, NF-xkB can
translocate to the nucleus, where it binds to gene pro-
moters on DNA. This binding activates transcription
of mRNA, which induces translational production of
chemokines, cytokines, and growth factors. ROS are
proinflammatory since they cause the activation of NF-
kB by modifying IKK, leading to IxB degradation,
freeing NF-xB to enter the nucleus and activate pro-
inflammatory genes [28].

Silica is capable of inducing the phosphorylation
of IkB and thus the activation of NF-kB [29]. Because
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both the phosphorylation and activation of IkB are
inhibited by antioxidants, it might be that silica-
induced oxidants activate phosphorylation of IxB,
which results in the activation of NF-kB [30,31]. It is
known that IxB is phosphorylated by protein tyrosine
kinase (PTK); in fact, PTK inhibitors have been shown
to block the phosphorylation of IkB and the activation
of NF-kB [32]. Studies on RAW macrophages have
proposed that silica-induced oxidants activate tyro-
sine phosphorylation of IxkB by PTK, which results in
NF-xB activation [29,33]. Silica was shown to induce
the activity of phosphoinositide 3-kinase (PI3K) in
RAW macrophages, and this activation was inhibited
by antioxidants. Also, the inhibition of PI3K partially
inhibited the silica-induced activation of NF-kB, sug-
gesting that PI3K is involved [34].

Summarizing silica-induced signaling pathway for
NF-kB, silica-induced ROS activate PTK and PI3K,
which induce steps critical to inactivation of IkB and
activation of NF-xB [35].

To understand how silica induces macrophage-
driven inflammation, Hornung and colleagues [30]
reported that silica crystals activated the NLRP3
inflammasome, requiring phagocytosis and subsequent
lysosomal swelling and damage.

Regarding ROS, several Authors gave evidence
to the inflammasome, which represents an intra-
cellular multiprotein complex activated by ROS. In
particular, the sensor protein is NLRP3 (nucleotide-
binding oligomerization domain-like receptor) that
is activated by ROS and other stimuli. It has
been hypothesized that a loop exists between ROS
and NLRP3 [37]: ROS would activate the NLRP3
inflammasome that produces IL-1B, which induces
inflammatory responses and recruits neutrophils and
macrophages; in turn, these cells produce ROS and
lead to further inflammatory responses. Furthermore,
IL-1B promotes intracellular accumulation of ROS by
disturbing antioxidant enzymes.

Lam and colleagues [38] verified the role of NLRP3
in a study on mice that were administered silica; in par-
ticular, mice with a deficit in acute NLRP3-mediated
inflammation showed significantly reduced pulmonary
transforming growth factor-B (TGF-B) and a-smooth
muscle actin (a-SMA) expression, tissue damage, and
fibrosis in the chronic phase of disease progression.
Importantly, this included reduced silicotic nodule size
and cellularity.

NLRP3, apart from the classic activation through
the classical unfolded protein response (UPR), can
be activated via ER stress via an alternative path-
way [39]. In this context, a very relevant role is played
by thioredoxin interacting protein (TXNIP), a cellular
protein present normally in the nucleus that is acti-
vated and shaped in cytoplasm when intracellular ROS
increment. It disables the control of ROS production
usually played by thioredoxin (TRX), incrementing
the ER stress, and this relationship could explain the
persistence of chronic inflammation [40].

Downstream of the activation of NF-kB and the
inflammasome, the cytokines TNF and IL-1 appear
to play a particularly important role in silica-induced
inflammation [41]. TNF-a is a cytokine that is thought
to be a key mediator in the pathogenesis of silicosis, in
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particular in silica-induced inflammation and fibrosis.
Nitric oxide (NO), synthesized by macrophages upon
stimulation by silica, may also play a role in the acti-
vation of NF-xB, and thus TNF-a production [42].
In silica-exposed mice lacking the gene for inducible
NO synthase (iNOS), there was indeed a decrease in
the amount of TNF-a produced, along with a decrease
in histological evidence of silica-induced lung damage
and inflammation [43]. TNF is not directly chemo-
tactic but can stimulate production of chemotactic
cytokines, including chemokines. The same authors
showed that the main molecule capable of inducing
neutrophils, macrophages, and lymphocytes attraction
was macrophage inflammatory protein (MIP-2). This
chemokine acts along with the other chemokine MIP-
la [44,45]. Mice immunized with antibody to TNF-a
show an attenuated increase in lung chemokine mRNA
expression, this circumstance determining an evident
reduced inflammatory response to silica exposure [46].
Moreover, TNF-o induces the expression of adhesion
molecules on endothelial cells and the production of
IL-8, MCP-1, prostaglandin E2 (PGE2), and prostacy-
clin derived by arachidonic acid metabolism, as well as
the production of ROS by phagocytic cells [47].

In addition to TNF, IL-1 plays a critical role in
the lung response to silica [41]. Bronchoalveolar (BAL)
cells of rats exposed to silica inhalation produced IL-1
following the activation of NF-kB [48,49]. A prominent
feature of silicosis is the development of granulomas. It
was demonstrated in rats lacking functional IL-1 (IL-
1 knock out) exposed to silica that the occurrence of
granulomas was very much limited [50]. Porteretal. [51]
examined the progression of lung inflammation and
damage in rats after the cessation of silica exposure.
Rats were exposed to silica by inhalation for 20, 40, or
60 days, and a portion of each group was examined for
36 days post-exposure. Inflammation, as indicated by
BAL PMNs, was increased in the 36-day post-exposure
period in rats exposed for 40 or 60 but not 20 days.
This indicated that in these two groups, recruitment of
PMNs into the lung continued without further silica
exposure. Fibrosis, on the other hand, was increased
in all groups in the 36-day post-exposure period, while
it was not present consistently after exposure ended in
the 20-day exposure group only. The fact that the PMN
influx did not progress in the rats exposed for 20 days,
while fibrosis did, suggests that lavage PMNs do not
predict fibrogenicity. The authors also pointed to the
consistency of this finding with the lack of PMN influx
seen in human chronic silicosis despite the progressive
nature of the disease [51].

In particular, when the CS particle arrives in the
lung, the outcome of this deposition might depend on
the ability to produce proinflammatory cytokines [52].
In particular, if the amount of particles is high, the
outcome will be acute inflammation, and IL-1 will
elicit the release of histamine from mast cells at the
site of inflammation [53]. Histamine triggers early
vasodilatation and an increase in vascular perme-
ability. Chronic inflammation may develop following
acute inflammation or derive from chronic exposure.
Some cytokines, such as IL-1 and TNF, are able
to maintain both types of inflammation (acute and
chronic) because the target cells of their actions are also
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monocytes and macrophages [54]. During the chronic
phase of inflammation, cytokine interactions result
in monocyte chemotaxis to the site of inflammation
where macrophage activating factors (MAF), such as
interferon (IFN)-y, monocyte chemotactic protein 1
(MCP-1; also referred to chemokine (C-C motif) lig-
and 2 (CCL2)), and other molecules then activate the
macrophages while migration inhibition factors (MIF),
such as granulocyte macrophage-colony stimulating
factor (GM-CSF) and IFN-y itself, retain them at the
inflammatory site [55].

Another process that could lead to scarring and
fibrosis, for example, in periodontitis [56], is the inad-
equate resolution of inflammation. The class switch
of eicosanoid pathways in neutrophils is an impor-
tant way to end acute inflammation [57,58]. This
class switch is mediated by the up-regulation of 15-
lipoxygenase by neutrophils late in inflammation. In
fact, it is known that in the early phase of inflam-
mation, neutrophils use only 5-lipoxygenase for the
production of leukotrienes [59]. The series of enzy-
matic reactions leads to lipoxins (LXs), such as
LXA4 and LXB4 [60,61]. These are receptor ago-
nists that stimulate the resolution of inflammation
and promote homeostasis through a number of mech-
anisms that include limiting the migration of PMN
into sites of inflammation and modulating the phe-
notype of macrophages to stimulate the uptake of
apoptotic PMN without secreting proinflammatory
cytokines [62-64]. The resolution of inflammation
occurs if the cause of the last is removed, but with
continued exposure to silica, resolution may not occur.

3.4 Silica and Epigenetics: Divergence between Fibrosis
and Cancer

An epigenetic perspective may serve to discuss how
the fate determination between fibrosis and cancer.
DNA methylation, histone modifications, and non-
coding RNAs can determine cell fate toward fibrosis or
carcinogenesis (7able 1).

Table 1
Epigenetic factors involved in fate determination between fibro-
sis and cancer

Epigenetic factor Target/ Effect oncell ~ References
mechanism fate
DNA Hyperme- pl6™NK4 and Carcinogenesis [65,66]
thylation PTEN (Unchecked
promoters growth)
Histone Promoters/ Carcinogenesis/ [67]
H3K4me3/ Enhancers Fibrosis
H3K27ac (Activation)
Histone Promoters Carcinogenesis [68]
H3K27me3 (Silencing)
IncRNA Recruits EZH2  Carcinogenesis [69,70]
HOTAIR (PRC2) (Metastasis/
Repression)
IncRNA miRNA sponge Carcinogenesis/ [71]
MALATI1 (e.g., miR-101) Fibrosis
(EMT/Survival)

Note: EZH2: Enhancer of Zeste Homolog 2; PRC2: Polycomb Repressive
Complex 2; EMT: Epithelial-Mesenchymal Transition.

DNA methylation (addition of methyl groups to
CpG sites) typically acts as a gene silencing mech-
anism. Aberrant hypermethylation in pl6™%* and
PTEN is considered a hallmark of cancer initiation
and progression [05,60]. High levels of H3K4me3
(Histone H3 Lysine 4 Trimethylation) and H3K27ac
(Histone H3 Lysine 27 Acetylation) are often associ-
ated with enhanced transcription of oncogenes [07],
while increased H3K27me3 (Histone H3 Lysine 27
Trimethylation) is frequently linked to the silencing
of tumor suppressor genes [08]. In the context of
fibrosis, H3K4me3 and H3K27ac are often elevated
at the promoter and enhancer regions of pro-fibrotic
genes, leading to their upregulation, the accumulation
of extracellular matrix (ECM), and the activation of
fibroblasts into myofibroblasts [72]. Long non-coding
RNAs (IncRNAs) regulate gene expression by acting as
scaffolds, guides, or decoys for epigenetic machinery.
IncRNA HOTAIR (Hox Transcript Antisense RNA)
recruits the catalytic subunit EZH2 of the histone
methyltransferase PRC2 (Polycomb Repressive Com-
plex 2), causing profound epigenetic silencing of tumor
suppressors and promoting cancer metastasis [69,70].
On the other hand, IncRNA MALATI1 (Metastasis-
Associated Lung Adenocarcinoma Transcript 1) acts as
a sponge for tumor-suppressive miRNAs. It is highly
upregulated in metastatic cancers and is also heav-
ily involved in promoting epithelial-to-mesenchymal
transition (EMT) and renal fibrosis by activating the
STAT3/NF-xB axis [71].

While considering that engineered Silica nanoparti-
cles (SiNPs) (often amorphous) have distinctly different
toxicokinetics compared to occupational RCS, it could
be useful to understand that their use in nanomedicine
is not free from risks, also in order to stimulate new
research about the effect of RCS; in fact, in 2024, Zheng
et al. reviewed for the first time epigenetic changes
induced by SiNPs [73]. SiNPs induce epigenetic mod-
ification in GC-2 spd cells (an immortalized mouse
testicular cell line), i.e., numerous extensive DNA
methylation changes, including 51.0% hyperdifferen-
tially methylated regions and 49.0% hypodifferentially
methylated regions [74]. SiNPs also provoke an abnor-
mal expression of miRNAs. The abnormal expression
of these miRNAs leads to reproductive dysfunction,
endothelial dysfunction, and even tumorigenesis [75].
Evidence demonstrates a strong association between
epigenetics and the development of immune-mediated
pulmonary diseases, including silicosis [76]. Wang
et al. [77] showed an evident demethylation of cul-
tured fibroblasts of SD rats induced by SiO,, and that
Si0, decreased the genomic DNA methylation levels of
fibroblasts co-cultured with macrophages. This might
explain the activation mechanism of fibroblasts during
silicosis [76]. Umemura et al. [78] gave evidence of
methylation of five suppressor genes in serum DNA,
this methylation is more frequently present in silicosis
patients who have silicosis and cancer than in silicosis
patients without cancer.

Relevant observations were done by Blanco
et al. [79], who, by using a model of silica-induced
multistep lung carcinogenesis driven by chronic
inflammation to study the evolution of molecular
markers and genetic alterations, verified that p53
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nuclear levels increase in epithelial cells during the
progression from normal to advanced preneoplastic
tissues, remaining high in most tumors. Instead, pl6
resulted in overexpression in hyperplastic tissues,
but its expression is decreased or lost in advanced
bronchiolar dysplasias and in 40% of the tumors. If
the first result was expected, the second has to be
explained. The Authors supposed that the pleNK4
gene was hypermethylated, and this represents an
important step because this gene is linked to the
transition from hyperplasia to dysplasia and tumor
through the existence of tumorigenesis barriers that
slow or inhibit the progression of preneoplastic lesions
to neoplasia [80,81]. One such barrier involves DNA
replication stress, which leads to activation of the DNA
damage checkpoint and, thereby, to apoptosis or cell
cycle arrest mediated by either p53 or p16 [82,83]. Thus,
while these events avoid cancer, the lack of them allows
the cell to progress toward cancer. This observation
could explain why silicosis patients develop cancer
or fibrosis.

Multiple mechanisms are involved in DNA methy-
lation induced by SiNPs, including the regulation of
DNA methyltransferases (DNMTs), DNA demethy-
lases, such as those belonging to the ten-eleven
translocation (TET) protein family, and DNA methyla-
tion substrates [73]. Since no studies have reported the
effects of SINPs on the expression of TET2 and TET3,
future research on the mechanism of SiNP-induced
DNA methylation is needed.

Overall, all these epigenetic mechanisms often form
a positive feedback loop: inflammation leads to epi-
genetic alterations, which, in turn, facilitate further
inflammatory or oncogenic pathways, solidifying a
pro-fibrotic or pro-cancerous environment.

In this context, both the dose of Silica and spe-
cific genetic or epigenetic events can determine the
divergent fate.

3.5 Silica, Cancer, and Fibrosis: Divergence on the
Immune Response

The process that leads to either fibrosis or cancer could
depend on the features of the tissue microenviron-
ment. At first glance, summarizing, we might affirm
that if immunosuppression predominates, cancer would
ensue; otherwise, an increment of immune reaction
would lead to fibrosis. However, the interrelationship
among different cell types is gaining complexity. Here-
after, we give evidence to the possible roles of molecular
signaling that permit the orchestration of the numerous
and varied cell types, considering known fibrogenic and
carcinogenic agents.

Tuble 2 compares the immune polarization and
function of T helper 17 (Th17), T helper 2 (Th2), and
Regulatory T cells (Treg) in chronic tissue fibrosis and
the prencoplastic (pre-cancerous) niche. While both
environments are characterized by chronic inflamma-
tion and tissue remodeling, their immune landscapes
differ in their ultimate role in tissue destruction vs.
tumor promotion [84,85].
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Table 2
Divergent polarization of T cells in fibrosis vs. preneoplastic
niche
Fibrosis (chronic Preneoplastic niche
Feature tissue injury) (tumor initiation) References
Primary Excessive repair, Tolerance of [84,85]
Immune Goal remodeling, mutated cells,
scarring immunosuppres-
sion
Th17 High. Induced by Moderate/ [86]
Polarization IL-6, TGF-B High. Driven by
early
inflammation
Th17 Pro-fibrotic/ Tumor-promoting: [87,88]
Function Inflammatory: Recruits MDSCs),
Recruits promotes
neutrophils, angiogenesis (via
promotes 1L-17)
fibroblast
activation, and
ECM remo-deling)
Th2 High. Driven by High. Often [84,85,89,90]
Polarization 1L-4,IL-13 induced by TAMs
Th2 Function Pro-fibrotic: Pro-tumor: [84,85,89,90]
Drives Promotes
macrophage M2 immunosuppres-
polarization, sion and tissue
stimulates remodeling to
fibroblast collagen  support tumor cell
synthesis survival
Treg High. Asa Very High. [91]
Polarization response to Recruited for
chronic immune evasion
inflammation
Treg Function Dual: Suppresses Treg function in [89,90]
excessive order to restrict
inflammation antitumor
(anti-fibrotic) but immunity
can produce
pro-fibrotic factors
(e.g., TGF-B)
Th17/Treg Imbalanced (often Strongly favors [89,90]
Balance high Th17, with Treg to allow
Tregs attempting  cancer progression
to regulate)
Key IL-17, TGF-B TGF-B, IL-10, [84,85]
Cytokines 1L-13, IL-4. 1L-17, 1L-22
Role in ECM Excessive matrix Matrix [92-95]
deposition remodeling,
(Collagen I/IIT) increased stiffness,

TGF-B signaling

Note: ECM: extracellular matrix; Treg: T regulatory cells; MDSCs:
myeloid-derived suppressive cells.

Silica exposure induces molecular and cellular bio-
logical alterations of immune cells [91]. It is well
known that the association between silica inhalational
exposure and autoimmune disease is particularly in
the context of intense exposure [96]. The CD95/Fas
molecule is well known as a cell death receptor that
causes apoptosis, which is particularly important in
lymphocytes [97,98]. One quarter of silicosis patients
have anti-CD95/Fas autoantibody [99]. Under this
condition, if Fas does not function properly, respon-
der T lymphocytes show a longer survival, inciting
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autoimmune diseases or clinical symptoms of inflam-
matory reaction to self/non-self-antigens. Furthermore,
in silicosis patients, anti-caspase 8-autoantibodies were
found [100], and caspase 8 is the main player of apopto-
sis downstream to Fas. In addition, soluble Fas secreted
from the cells into the surrounding area is capable
of blocking Fas ligand, inhibiting apoptosis [101,102],
and also higher levels of soluble Fas were revealed
in these patients [103]. Higher serum soluble IL-2
receptor (sIL-2R) levels were found in autoimmune
diseases and in silicosis patients. sIL-2R is an activa-
tion marker for T cells and might explain the cause
of the chronic activation of responder T cells in sili-
cosis patients [91]. The same authors show a chronic
activation of T regulatory cells (Treg) and earlier loss
of Treg by Fas mediated apoptosis [91]. Overall, these
findings indicate that chronic activation of responder
T cells and Treg occurred in the peripheral blood of
silicosis patients by chronic and recurrent exposure to
silica particles, and responder T cells may then survive
for a longer period, whereas Treg may be lost by apop-
tosis. It has also been shown that PBMC from silicosis
patients showed decreased expression of physiological
inhibitory molecules for Fas-mediated apoptosis, such
as i-flice, sentrin, survivin, and inhibitor of caspase
activated DNase (ICAD) [104]. These findings sug-
gest that there exist two subpopulations of T cells
in silicosis patients, one comprises T cells resistant
against Fas-mediated apoptosis and is now recognized
as chronically activated responder T cells. The other
subpopulation manifested accelerated Fas-mediated
apoptosis (and was also sensitive to functional anti-Fas
autoantibody, as described above) and is now recog-
nized as chronically activated Treg [91]. Then silicosis
would determine an imbalance of Treg and responder
T cells, and this would result in altered regulation of the
immune response, explaining the higher appearance of
autoimmune disease and fibrosis in silicosis patients.
Another important effect on immune regulation
is played by Silica on I1L-17/Th17 cells. In particular,
Tang et al. [86] gave evidence that in a co-culture
system (macrophages and lymphocytes), silica stimu-
lation increased the level of IL-17A and ROR-yt, which
indicated that IL-17A and Th17 response took part
in Silica-induced immune response in vitro. As an
antibody directed towards IL-17 determined a shift
of immune response in the direction of Th2 through
Treg cells, it can be inferred that Silica unbalanced the
immune response by downregulating the Treg arm and
thus progression to chronic inflammation and fibrosis.
In the tumor microenvironment (TME), an impor-
tant mechanism that tumors use to overcome host
responses is immune escaping. This function is allowed
by, among others, the T cell landscape. In particu-
lar, there exists a crosstalk between T cell subsets,
TME non-tumoral suppressive cells, and tumor cells,
by which T cells may change their features, from
tumor suppressor becoming pro-tumoral [87]. In this
context, it appears relevant the role of Th17 cells,
capable of inhibiting effector T cell proliferation and
cytokine production [88]. On the contrary, Th17 cells
may also promote anti-tumor immunity. They deter-
mine the activation of cytotoxic T cells and provoke
a shift to IFN-y-producing Thl cells [105], favoring

anti-proliferative, pro-apoptotic, and anti-angiogenetic
function [106,107]. Th17 cells may also transform into
Thl or Treg, determining opposite effects, respectively,
as anti- or pro-tumoral [89,90].

Other cells, immune and non-immune cells, play
a role in immune escape, such as macrophages.
Tumor-associated macrophages (TAMs) are attracted
by MCP-1 and MIP-loo in hypoxic areas of
TME [108,109]. TAMs show a M2-like phenotype
and are capable of easing the tumor progression
through secreting suppressive cytokines, chemokines,
proteolytic enzymes, growth factors, and upregulating
inhibitory checkpoint receptors on T cells [110].
Furthermore, TAMs secrete ARG1, iNOS, TGF-$3, IL-
10, and ROS, which provoke CD8" T cell exhaustion
and dysfunction [111], and TGF- that upregulates the
expression of TIM-3, PD-1, and CTLA-4 (Cytotoxic
T-Lymphocyte-Associated Protein 4) on T cells, and
inhibits IFN-y and granzyme B [ 12]. Moreover, they
promote PD-L1 expression on monocytes, which
favors PD-14T cell exhaustion [111-113]. Finally, the
role of indoleamine 2,3-dioxygenase appears relevant
as it attenuates effector T cell function by depleting
TME of essential amino acids, such as L-arginine and
tryptophan [113]. In fact, effector T cells starved of
tryptophan are unable to proliferate and go into G1 cell
cycle arrest [1 14] and, in addition, are more sensitive to
apoptosis[115]. In this context, Notch signaling, IL-12,
and IL-27 play a relevant role, since their interaction
can provoke exhaustion of IL-10-producing regulatory
T cells (“Tr1”). In fact, IL-12 and IL-27 plus signals
produced by the NotchlL/Notchl act on the IL-10
gene, making it suitable for activation in the majority
of polarized Th subsets [116], leading to exhaustion
of IL-10-producing T cells as frequently observed in
cancer [117-120].

Macrophage polarization (M1 vs. M2) differs sig-
nificantly between the fibrotic and pre-neoplastic niche
based on the primary requirement for either strict
repair or adaptive, chronic remodeling. In the fibrotic
niche, macrophages typically show a transient M1
to persistent M2 switch, where the M2 phenotype is
directly responsible for excessive tissue repair and scar
formation [121]. In the pre-neoplastic niche, the M2
phenotype (often M2d/TAMs) is similarly dominant
but specialized towards immunosuppression, angiogen-
esis, and tumor-cell-assisted invasion rather than solely
structural tissue repair [122,123].

More recently, single-cell transcriptomic evidence
has revealed significant heterogeneity and dynamic
shifts in macrophage populations within the silicotic
microenvironment, moving beyond the simple M1/M2
polarization model. Studies identify a core transi-
tion from fatty acid-binding protein 4 (FABP4)+
resident alveolar macrophages [124] to a pro-fibrotic
secreted phosphoprotein (SPP1)4 macrophage subset
that drives fibrosis, particularly within silicotic nod-
ules [125].

As evidence of the above facts, we would like to
highlight the different roles played by cytokines (see
IL-17), which may at first glance seem contradic-
tory. Although the cells involved in these processes
appear more structured, nevertheless they also mod-
ify themselves in response to the conditions of the
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TME. Chronic inflammation normally occurs follow-
ing exposure to silica, but it cannot be ruled out that a
clear proliferation of regulatory T cells (Treg) capable
of facilitating the onset of cancer may also occur.

3.6 Silica and Mechanisms of Fibrosis

After an injury occurs to epithelial tissues, the repair
ensues by the formation of granulation tissues rich
in smooth muscle actin (SMA)-positive myofibrob-
lasts (a hallmark of activated fibroblasts), platelets,
newly formed blood vessels, macrophages, and other
inflammatory cells and ECM. TGF-J signal pathway
plays a pivotal role in the emergence of myofibrob-
lasts, which contribute to the production of matrix
metalloproteinase (MMP) and ECM proteins, such as
collagen I, fibronectin, and hyaluronic acid [92,126—
128]. The injured tissues are then eliminated, and ECM
proteins are generated de novo [126—129]. If a sustained
activation of myofibroblasts occurs, a dysfunctional
repair mechanism appears, leading to the accumula-
tion of fibrotic ECM, which is rich in collagen fibers
and resistant to MMP-mediated degradation [92-94].
The fibrotic ECM is capable of inhibiting epithelial
cell polarity and stimulates epithelial cell proliferation,
conditions allowing tumor formation and develop-
ment [130,131]. Different authors show that the
presence of fibrotic lesions significantly increases the
risk of cancer in numerous tissues, including the lungs,
liver, and breast [130-133]. Although silicosis has a
distinct etiology and histopathology, also in idiopathic
pulmonary fibrosis (IPF), there is an association with a
higher incidence of lung cancers as compared with the
general population [134], showing that the alterations
of TME could be the cause of this higher incidence
because IPF is characterized by scar tissue accumula-
tion in the lung interstitium. It was demonstrated that
the start of this disease is the injury to alveolar type 11
(ATII) cells that triggers production of TGF-B, which
leads in turn to proliferation of macrophages, platelets,
and myofibroblasts in the damaged areas, leading to
the formation of fibroblastic foci. Fibroblastic foci con-
taining myofibroblasts seem to be an indicator of poor
prognosis and decreased survival [135].

At the level of the lung, it is known that the triggers
implicated in IPF pathogenesis are initial microinjuries
to the alveolar epithelium that provoke alveolar epithe-
lial cell damage with abnormal re-epithelization and
repair [136]. In this context, epithelial and endothe-
lial cells produce high levels of fibrogenic mediators,
such as TGF-B, PDGF, Wnt, or Wnt-1-inducible
signaling protein-1, which, in concert, promote the
differentiation of resident quiescent fibroblasts into
myofibroblasts. The over-expression or persistent acti-
vation of the Wnt/B-catenin pathway can lead to
aberrant fibrosis progression and related tissue dys-
function, in collaboration with RAS and/or TGF-B1
activity [137]. Epithelial and endothelial cells then
acquire mesenchymal phenotypes, which, along with
the recruitment of circulating fibrocytes and bone
marrow—derived progenitor cells to the lung, contribute
to fibrosis. In turn, these myofibroblasts secrete TGF-
B, which induces ATII cell apoptosis, perpetuating
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the aberrant wound healing process. The myofibrob-
last also secretes high levels of tissue inhibitors of
matrix metalloproteases (TIMPs) and ECM proteins,
promoting collagen deposition and contributing to
fibrosis [138].

In the field of molecular signaling, TGF-p1
represents the isoform most closely related to the devel-
opment of IPF [139]. It is secreted in an inactivated
form via its attachment to a latency-associated peptide
and to a latent TGF-f binding protein. Several papers
have given evidence that its activation can be derived
by different upstream agents, (a) such as MMP9 and
MMP2 [140]; (b) changes in pH (acidic conditions); (c)
ROS [141]; (d) thrombospondin-1 [142]; (e) tissue stiff-
ness [143]; (f) integrins VB3, aVBS, aVBS, and aV[36.
These different mechanisms play an important pivotal
role in TGF-J activation in fibrotic disorders [144].

Moreover, TGF-B is produced by alveolar
macrophages,  neutrophils, activated  alveolar
epithelial cells, endothelial cells, fibroblasts, and
myofibroblasts [145]. The latter, once activated,
in addition, produce pleiotropic growth factors,
showing chemotactic and proliferative activity,
inducing macrophage and fibroblast recruitment as
well as fibroblast proliferation via platelet-derived
growth factor (PDGF) expression [146]. TGF-B also
stimulates in fibroblasts the expression of several
proinflammatory and fibrogenic cytokines, such as
TNF-a, PDGF, IL-1B, or IL-13, thus promoting and
perpetuating the fibrotic response [147—-149]. In fact,
the repetitive injury of the alveolar epithelium is a
certain cause of the aberrant wound healing process in
IPF [150].

The first signal for platelet activation, the for-
mation of the fibrin-rich clot formation, and the
generation of a strong antifibrinolytic cascade is the
disruption of epithelial cells and the upregulation
of epithelial-derived plasminogen activated inhibitor
(PAI)-1 by a process driven by TGF-B1/Smad3 [151].
Several authors support the association between alve-
olar epithelial cell apoptosis and lung fibrosis. The
mechanisms that cause alveolar epithelial cell death
are not fully disclosed, however it is known that TGF-
B plays a pivotal role. TGF-P is a potent inducer of
apoptosis in alveolar epithelial cells [152], via Fas-
mediated caspase-8 activation and down-regulation of
p21. In particular, TGF-B promotes the imbalance of
Bcl family members by stimulating Bax and Bid in the
murine lung [138].

During injury, ROS promote a particular microen-
vironment capable of altering the balance between
MMPs and their inhibitors (tissue inhibitors of met-
alloproteinases (TIMPs)) and by directly or indirectly
activating TGF-B. In turn, TGF-f produces ROS
as part of its signaling pathway [153]. Guo and
colleagues [154] have shown that nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase 4 is
involved in lung fibroblast-to-myofibroblast differ-
entiation. Under normal conditions, ATII cells can
transdifferentiate into ATI cells. In the course of injury
and stress conditions, both cell types undergo cell
death, with subsequent hyperplasia to re-epithelialize
damaged and denuded areas or incrementing epithe-
lial mesenchymal transition (EMT), which represents a
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possible source of activated myofibroblasts in the lung
subepithelium. Li and coworkers [155] gave evidence
about the main role of ATII cells in fibrosis develop-
ment. In particular, they revealed that a loss of TGF-3
receptor signaling in ATII cells determined an evident
protection against bleomycin-induced fibrosis by pre-
venting epithelial apoptosis along with a decreasing
of myofibroblast activation, and by impeding protease
imbalance (TIMP/MMP) [155].

Considering all these studies, TGF-B can be con-
sidered a key initiator of fibrotic processes. In IPF,
highly active myofibroblasts are present in subepithelial
regions that constitute fibroblastic foci and are local-
ized mostly in close proximity to injured or hyperplastic
ATII cells. The origin of these contractile o-SMA-
positive myofibroblasts is controversial, nevertheless
they are considered to be the main cause of increased
ECM deposition in IPF [156]. There are several theo-
ries regarding their origin; indeed, they would derive
from proliferating and activated resident lung fibrob-
lasts, ATI or ATII cells via the process of EMT;
bone marrow—derived fibroblast; pericytes of the lung
interstitium [157].

Along with this role of TGF-B, the microen-
vironment favors ECM deposition by inducing an
imbalance between matrix-degrading enzymes and
their inhibitors. Some authors have hypothesized that
MMP-7 may release preformed TGF-f from the ECM,
playing an important effect on epithelial repair pro-
cess [158]. The role of IL-17 was highlighted by Wilson
et al. [159], by showing a novel synergistic role of
IL-17A and TGF-B in the development of bleomycin—
induced fibrosis.

It is known the role of YAP signaling as well
as mechanosensor and mechanotransducer at cell-
ECM/biomaterial interfaces [160]. A positive feedback
loop between fibroblast activation and ECM deposi-
tion mediated by CD44-RhoA-YAP signaling pathway
in experimental silicosis was demonstrated [161].
Activated fibroblasts through the CD44-RhoA-YAP
signaling pathway drive ECM production and accu-
mulation, further stimulating fibroblast activation.
Upstream blockade by anti-CD44 antibody or down-
stream blockade by dihydrotanshinone I (DHI, a
lipophilic component of traditional Chinese medicine
Salvia Miltiorrhiza Bunge) [162], as well as verteporfin
(VP, a small molecule YAP inhibitor) [163], delays CS-
induced lung fibrosis.

YAP and UPR are functionally intertwined adap-
tive pathways, as cells depend on YAP to resolve ER
stress and expand the endoplasmic reticulum (ER)‘s
folding capacity [164]. As a physicochemical stres-
sor, silica dust chronically activates the PERK-eIF2a,
IRE1o-XBP1, and ATF6 pathways [165]. Recent evi-
dence indicates that while the adaptive response of
the UPR has cytoprotective effects in early stages,
sustained activation induces apoptosis via CHOP and
promotes collagen synthesis through XBP1s in hepatic
stellate cells as induced by TGF- [166,167]. Although
silica is known to activate the XBP1 stress response
generally, whether this specific activation directly drives
fibrogenesis in the lung remains to be verified.

Also, YAP and the senescence-associated secretory
phenotype (SASP) are intimately connected. Research

indicates that the YAP-TEAD complex enables senes-
cent cells to survive by easing ER stress, allowing
the cells to continuously secrete their profibrotic
SASP [168]. Senescence is induced in fibroblast and
alveolar epithelial cells by silica via oxidative stress.
Particularly interesting appears the observation of Lian
et al. [169] who verified an evident increment of
growth differentiation factor 15 (GDF15) using alve-
olar epithelial cells (MLE-12) and mouse embryonic
fibroblast cells (NIH/3T3) treated with SiO,. Senes-
cent ATII cells could facilitate epithelial cell EMT and
fibroblast activation in a GDF15-dependent manner.
GDF15, as well as IL-6 and TGF-f, belongs to SASP
factors, and it is produced by fibroblast and ATII cells
via p53 during oxidative stress and plays a pro-fibrotic
role. In the silicosis context, SASP could perpetuate the
inflammation, leading to cellular senescence present
in the nodule and thereby establishing a “senescence-
inflammation-fibrosis” vicious cycle [170].

Another mechanism that has been recently studied
in silicosis, and in particular in the macrophages, is
the signalling functions of exosomes and microvesi-
cles. Interestingly, SASP correlates to hyperactive
secretion not only of cytokines, pro-fibrotic growth
factors, but also of exosomes, which drive fibro-
sis [171]. The literature shows that the signaling
mediated by exosomal miRNAs between fibrob-
lasts, macrophages, and epithelial cells participates
in the development of lung fibrosis [172]. Exosome-
originating miRNAs regulate key processes, such as
TGF-P signalling, critical for fibroblast activation and
deposition of ECM components. Therefore, exoso-
mal miRNAs that shift cell-to-cell communication
and cellular mechanisms can regulate the progression
of pulmonary fibrosis. In particular, when alveolar
macrophages phagocytose silica, they release exosomes
with altered, pro-fibrotic cargo—including specific
microRNAs (such as miR-155, miR-21, and miR-107)
and potentially mitochondrial components—that are
taken up by fibroblasts [173]. MiR-107 is critical to
exosomal-mediated lung fibrosis because it modulates
significant molecular pathways of fibroblast activation
and ECM deposition. Therefore, miR-107 negatively
regulates the cell cycle signaling pathway through exo-
somal transfer, promoting fibrosis progression [174].
MiR-125a-5p directly targets Smurfl to potentiate
TGF-B/Smad signaling, upregulating SMADI, IDI,
o-SMA, and collagen and driving fibroblast to-
myofibroblast trans-differentiation in vitro [175]. Also,
circular RNAs (circRNAs) carried by exosomes act as
critical regulators of EMT in fibrotic diseases, facilitat-
ing intercellular communication between damaged cells
(such as renal tubular epithelial cells, macrophages, or
cancer-associated fibroblasts) and target cells. These
exosomal circRNAs, often highly stable due to their
closed-loop structure, are selectively packaged into exo-
somes to modulate the expression of fibrotic markers,
promote myofibroblast differentiation, and drive the
deposition of ECM. Mechanistically, exosomal circR-
NAs often act as “sponges” for miRNAs, preventing
them from silencing their target mRNAs. In fibrosis,
this mechanism leads to the upregulation of profi-
brotic transcription factors or EMT-related signaling
proteins, such as TGF-P or Wnt/B-catenin [176].
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3.7 Silica and Cancer

Freire and colleagues [177] verified the role of
silica induced inflammation in the occurrence of
cancer in a particular experimental model where N-
nitrosodimethylamine (NDMA) was used to cause
lung cancer in Balb/c mice. The combination of
silica and NDMA was capable to increment three-
fold the occurrence of adenocarcinomas in respect to
mice treated only with NDMA. These results demon-
strated that local chronic inflammation was able to
reduce significantly the latency period for the appear-
ance of preneoplastic lung lesions and promote lung
carcinogenesis [177]. Adenomas from NDMA-silica—
treated mice showed an increment of activation of
caspase-3 when compared to those from NDMA-
only—treated mice, suggesting that silica promotes
apoptosis. Malignant transformation is usually asso-
ciated with an immunosuppressive microenvironment.
Microarray expression data showed that genes asso-
ciated with immunosuppression, such as programmed
death (PD)-1, transforming growth factor-p1 (TGF-
B1), lymphocyte-activation gene 3 (LAG3), MCP-1,
and FOXP3, presented higher expression levels in ade-
nomas from NDMA-silica—treated mice compared to
mice treated with NDMA only [177]. Furthermore,
a marked increase in Tregs in adenomas in NDMA-
silica—treated mice was found. These lymphocytes
were also present in areas of the lung distant from
adenomas in a more represented way in the NDMA-
silica in comparison with NDMA-only treated mice.
Altogether, these studies revealed that silica-mediated
chronic inflammation could promote the development
of an immunosuppressive microenvironment, which is
favorable for the generation of preneoplastic lesions
that potentially contribute to the progression of ade-
nomas to adenocarcinomas [177]. Other authors [17§]
found that silicon dioxide (SiO,) nanoparticles (NPs)
resulted in immunotoxicity because they reduced B-
and T-cell proliferation in the spleen of mice fed
with NPs. Moreover, they showed a reduction of Thl
response and a slight increase of IFN-y. Also, the ionic
characteristics of NPs played a role, indeed negatively
charged SiO, NPs were revealed to have the most potent
in vivo immunotoxicity. These experimental data refer
to NPs and could not correlate directly with RCS but
it seems to link to Silica as element and appears use-
ful to mention it, also in light of the observations of
Shi et al. [179] that verified the role of ROS in the
carcinogenesis through different mechanisms, such as
genotoxic effect (DNA damage); stimulation of onco-
genes; increment of cytokines, such as IL-1 and TNF;
activation of NF-xkB and AP-1; mutation of the p53
gene, a known tumor suppressor gene; lipid peroxida-
tion products and a rise in intracellular calcium.

With regard to the first mechanism, Silica induces
DNA strand breaks in vitro, and this mechanism is
blocked by ROS scavenger agents. It is known that Sil-
ica binds to DNA through the formation of hydrogen
bonds with its silanol groups to the DNA phosphate
backbone, thus bringing the DNA strand close to the
sites of ROS production on the silica surface. It has
also been demonstrated that silica (via interaction with
hydroxyl radical) produces 8-hydroxydeoxyguanine—
a modified DNA base important in mutagenesis and
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carcinogenesis, showing the link between ROS forma-
tion and DNA damage [180].

An interesting study was published by Driscoll and
colleagues [181], which found that BAL cells, derived
from rats exposed to silica via intratracheal instilla-
tion, showed more DNA mutations than control rats.
The authors deepened the previous observation, adding
BAL taken by rats exposed to silica to rat alveo-
lar RLE-6TN cells in culture. Surprisingly, BAL cells
enriched for neutrophils were significantly more muta-
genic to RLE-6TN cells than BAL cells enriched for
macrophages. This effect was prevented if the antioxi-
dant catalase was added, indicating the known role of
neutrophils in producing ROS [181].

Johnston et al. [182] showed that rats exposed
to crystalline or amorphous silica by inhalation for
13 weeks revealed an increment of BAL neutrophils.
However, the cytotoxicity was more evident in the
amorphous silica-exposed than the CS-exposed ani-
mals. After a post-exposure recovery of eight months,
the previous inflammatory alterations were found only
in the rats exposed to CS, while these parameters
had regressed in the amorphous silica-exposed rats.
Only CS exposure resulted in a significant increase
in hypoxanthine phosphoribosyltransferase 1 mutation
frequency in rat alveolar epithelial cells, but this was
not observed with amorphous silica. Altogether, these
results may indicate that the increment of cytotoxicity
occurring through apoptosis represents a mechanism
that preserves tissues from malignant transformation.
Therefore, the evasion of (or lack of) acute cytotoxicity
is an important factor that allows target cells to survive
and accumulate secondary genotoxic effects.

Although the previously cited work [182] suggested
that inflammation alone is not responsible for the
development of mutagenic effects in rat lungs after
exposure to silica particles, Shi et al. [179] hypoth-
esized that TNF and IL-1 could play a role in the
carcinogenesis, particularly TNF-a, which would act
through NF-«xB and activator Protein-1 (AP-1). AP-1
is composed of homo- or heterodimers of the protein
products of individual members within the Jun (c-Jun,
c-Jun-B, and c-Jun D) and Fos (c-Fos, FOS B, Fra-1,
and Fra-2) immediate-early response gene families [35].
AP-1, activated by oxidants and silica, would act as
a promoter, stimulating oncogenes and being involved
in neoplastic transformation, tumor progression, and
metastasis [35]. Another effect of silica would be to
inhibit the p53 suppressor gene [179], its inhibition
making it easier for the passage of genetic lesions in
cells with DNA damage to the new generation of cells.
Liu et al. [183] confirmed the important role of p53
by examining the p53 gene mutations in lung cancer in
workers with silicosis.

Linked to inflammation and fibrosis, as we have
recalled in Section 3.6, SASP is also involved in can-
cer. Actually, SASP has been recognized in the TME
as a double-edged sword. While cellular senescence
serves as an intrinsic defence mechanism to protect
cells from malignant transformation, senescent cells
can promote tumor progression to overt malignancy,
primarily through a set of factors known as SASPs,
including chemokines, growth factors, cytokines, and
stromal MMPs [184].
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3.8 Role of Notch, YAPITAZ, and WntlB-Catenin and
Their Interplay

While the involvement of both immune and non-
immune cells has been previously noted, it is essential
to elucidate the distinct signaling pathways operating
within the microenvironment.

In order to discover a link between inflammation
and fibrosis and the latter and cancer, some studies have
focused on the role of Notch-Jagged signalling [185]. In
mammals, there are four Notch receptors (Notch1-4)
and five Notch ligands (Delta-like (DLL) 1, 3, 4 and
Jagged (JAG) 1-2). When a Notch receptor interacts
with a Notch ligand in an adjacent signaling cell, it
undergoes proteolytic cleavage by A Disintegrin And
Metalloprotease domain 10 (ADAMI10) and the y-
secretase complex, which leads to the release of the
Notch intracellular domain (NICD). Eventually, the
NICD enters the nucleus and activates the transcription
of Notch target genes [186].

Aberrant Notch-Jagged signaling through JAGI
was found in different tumours and was observed to
be associated with the expression of 1L-1, IL-4, and
TGF-B, all known cytokines as well as pro-oncogenic
factors [185].

We could cite the observations in kidney fibrosis,
where some authors [187] demonstrated an increase
of Notch Jagged signaling through a reduction in
the expression of Hoxa5 protein. In colorectal cancer,
evidence has demonstrated the importance of Notch
signaling, which is normally regulated by zinc finger
protein 671 [188].

It could also be useful to cite the role of Notch sig-
naling in glioblastoma [189] and in gastric cancer [190]
to remark the important role of this signaling because
many studies point to the oncogenic role of the Notch
pathway in tumor cells, as well as a central regulator
in non-malignant inflammatory disorders [191]. Con-
sequently, various therapeutic strategies are now being
pursued to antagonize Notch signals in cancer and
inflammatory disorders, including fibrosis [191,192].
However, it must be emphasized that the involvement of
the Notch pathway in the pathogenesis of silica-related
malignancies has not yet been well characterized.

While studies of Notch signaling across various
malignancies reveal divergent and potentially paradox-
ical behaviors, several authors suggest that this pathway
operates via a threshold-dependent mechanism rather
than a binary on/off schematic. Specifically, Notch
signaling is characterized by three distinct levels of
control that govern its activity: (a) cis inhibition; (b)
lateral inhibition and activation of the same signal; and
(c) trans activation [193—-195]. The Notch juxtacrine
signaling system engages in complex crosstalk with
other cellular and tissue regulatory mechanisms, such
as YAP/TAZ and Wnt. For example, evidence obtained
in the liver suggests that the Wnt pathway acts as a
negative regulator of YAP/TAZ, thereby functioning as
a tumor suppressor in this context [196—198]. Indeed,
inactivation of Wnt/B-catenin determines activation of
YAP/TAZ that increments Notch, then acting as a
tumor inducer [197].

Regarding the fibrotic process, Yuan et al. [199]
demonstrated that interstitial macrophages (IMs)
exhibit significantly upregulated Notch3 expression

during silicosis progression. Utilizing myeloid-specific
Notch3-knockout mice, the authors established that
Notch3 signaling not only promotes IM recruitment—
specifically by regulating CCR2 expression—but
also modulates their pro-inflammatory phenotype.
Notably, conditional Notch3-knockout mice showed
a marked attenuation of CS-induced pulmonary
inflammation and fibrosis. Moreover, the Wnt/B-
catenin pathway is activated in the lung epithelium of
IPF, characterized by progressive loss of lung function
distinguished by severe pulmonary epithelial injury,
fibroblast activation, ECM deposition, and distorted
lung development [200].

The fibrotic ECM, characterized by altered stiff-
ness and composition, drives both fibrotic progression
and epithelial carcinogenesis through mechanotrans-
duction pathways involving integrins and YAP/TAZ.
As the primary downstream effectors of the Hippo
signaling pathway, YAP/TAZ play a pivotal role in
regulating organ size, cell proliferation, and lineage fate
determination [201]. Acting as bona fide mechanosen-
sors, these proteins mediate cellular responses to
physical cues at both cell-ECM and biomaterial inter-
faces [160]. While an exhaustive review of this pathway
is beyond the scope of the present article, in this
regard we refer readers to Heng et al. [202], it is
noteworthy that TNF-o can also activate YAP/TAZ,
although the precise underlying mechanisms remain
to be fully elucidated [203,204]. Starting from these
important observations, it could be hypothesized that
CS, by inducing TNF-q, triggers the Hippo-YAP/TAZ
axis. Furthermore, extensive crosstalk exists between
YAP/TAZ and Notch signaling [197], both of which
are implicated in the pathogenesis of fibrosis and
cancer. The factors determining these divergent patho-
logical outcomes remain unknown; however, they may
depend on tissue- or cell-type-specific contexts. Such
pleiotropic effects could be mediated by the expres-
sion of specific TEA domain-containing transcription
factor isoforms that interact with YAP/TAZ within
the cell nucleus [202], or by the nuanced, non-binary
regulatory mechanisms of the Notch pathway pre-
viously discussed. Indeed, a review of the literature
indicates that during fibrosis pathogenesis, activation
of the Wnt/B-catenin pathway induces the YAP/TAZ
pathway, which in turn triggers the expression of Notch
receptors and/or ligands [205,206].

In summary, CS induces epithelial injury primarily
via ROS production, subsequently triggering a robust
immune response. While high-dose exposure results
in acute inflammation, chronic exposure—typical of
occupational settings—leads to persistent inflamma-
tion and subsequent maladaptive tissue repair. Within
this context, the microenvironment plays a strate-
gic role, governed by the complex interplay between
immune and non-immune cells, including fibroblasts,
CAFs, and alveolar epithelial cells. Furthermore, the
influence of diverse signaling modalities—comprising
intercellular communication, juxtacrine, and paracrine
signaling—cannot be overlooked, as they may subvert
expected pathological outcomes. We hypothesize that
silica-induced inflammation leads to fibrosis when the
pro-inflammatory response predominates; conversely,
a T-cell landscape characterized by an enrichment of
Treg may facilitate a transition toward carcinogenesis.
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Figure 2: Sequential biological events following exposure to respirable crystalline silica (RCS). This process, driven by inflammation,
results in two distinct outcomes: fibrosis or carcinogenesis. Specifically, as shown in the blue section (right side), pro-inflammatory
cytokines trigger a stromal reaction mediated by adaptive immunity, leading to fibrosis. Conversely, as depicted in the green section
(left side), an imbalance between Treg and Teff cells, alongside the activity of cancer-associated fibroblasts (CAFs), promotes cancer
development. A pivotal role is played by the Wnt/B-catenin pathway: its activation leads to the activation of both Notch and YAP/TAZ
signaling, driving the fibrotic fate (blue section). On the contrary, the inactivation of Wnt/B-catenin results in the activation of YAP/TAZ
signaling and the activation of Notch, fostering a pro-tumorigenic environment (green section). At the bottom of the figure, we represent
the link between these two pathological fates. The bidirectional arrow indicates: (a) the well-documented potential for fibrosis to
progress into cancer; and (b) a theoretical working hypothesis represented by the opposite direction. This suggests the possibility of
‘reprogramming’ or transforming the cancer phenotype into a fibrotic one (denoted by a question mark). In this context, the modulation
of Wnt/B-catenin, Notch, and YAP/TAZ signaling (highlighted in the red boxes) may represent a promising therapeutic strategy. DAMP,

damage-associated molecular pattern.

Ultimately, we propose that cellular dynamics exert a
more decisive influence than individual signaling path-
ways, given that the latter appear strictly tissue- and
cell-type-specific, suggesting their role is subordinate
to the cellular context; the clearest demonstration of
this affirmation seems to be Notch signaling because
activation or reduction of this signaling appears always
paradoxical because it is tissue and cell-type specific:
in this way the cellular dynamics would appear more
important than signaling pathway.

3.9 Silica, TME, and Cancer-Associated Fibroblasts

Coming to the question of why cancer is promoted
and not fibrosis, it could be that some mechanism does
not occur, or some other mechanisms may have a role.
TME is the site where this choice occurs (figure 2).
The trigger could be at the level of intracellular signal-
ing pathways activated in various cell types, including
immune cells and fibroblasts, or it could be that par-
ticular cytokines are pivotal for guiding a different
fate. Nevertheless, TME can be studied in another way,
considering the communication between cells, since
fibroblasts and immune cells can regulate each other via
gap junctions [207].

Forty years have passed since Dvorak [208]
described cancer as a non-healing wound. In fact, in
normal tissue activated fibroblasts lead to healing,

impeding the spread of cancer cells. On the other
hand, if an atypical wound healing process, like
the keloid process occurs in the tumor stroma,
the result is an excess of fibers accumulated by
fibroblasts. This immature fibrosis can promote tumor
infiltrating growth, in fact, for example, colon cancer
patients with this phenotype may have an undesirable
prognosis [209,210].

In order to examine and “dissect” the complex
links between fibrosis and carcinogenesis and to try
to provide a theory capable to explain the differ-
ent direction due to exposure to silica, we cannot
neglect cancer associated fibroblasts (CAFs), a very
controversial topic [211]. The first cause of this dis-
pute concerns their heterogeneity, in fact, they can
derive from resident fibroblasts, mesenchymal stem
cells (MSCs), epithelial, pericytes, adipocytes, and
endothelial cells [212]. The identification of CAFs
in the tumor stroma needs the evaluation of their
morphology and the expression of specific markers.
Morphologically, they are large spindle-shaped cells
similar to smooth muscle cells, showing myofilaments
and electron dense patches [213]. They express o-
SMA [214]. A marker that permits the identification
of activated CAF is the fibroblast activation protein o
(FAPa), a cytomembrane protein selectively expressed
in various types of human epithelial cancer [215], along
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with podoplanin-a, S100A4, vimentin, fibroblast spe-
cific protein-1 (FSP-1), and platelet-derived growth
factor (PDGF) receptors o, and B [216].

Thus, CAFs can reasonably be described as a “cell
state” rather than a “cell type” [217]. Different growth
factors and cytokines have been identified as induc-
ing CAF differentiation in progenitors, some of which
derive from the feedback loop between cancer cells and
CAFs in the TME [218]. CAFs also stably maintain
their transcriptome and metabolic profiling through an
autocrine method. Once propagated in vitro, CAFs are
capably to retain activated and tumor-promoting traits
despite a lack of ongoing interactions with carcinoma
cells, it is likely that this trait is acquired by epigenetic
alterations induced by cancer cells that stabilize in
offspring [218].

The crosstalk between cancer cells and fibroblasts
has been identified as the leading cause of the for-
mation of the malignant phenotype of cancer. In this
perspective, the role of cytokines and different regu-
latory factors present in the ECM appears strategic.
For example, Cullen et al. [219] reported a pathway
that mainly involves cancer cells producing PDGF,
which induces fibroblast proliferation and the expres-
sion of insulin-like growth factor (IGF)-1 and IGF-2.
In turn, IGFs secreted by fibroblasts through biunivo-
cal crosstalk induce cancer cell proliferation and the
synthesis of PDGF [219]. Another role of cancer cells is
the induction of MMP production by fibroblasts, which
results in ECM degradation and enhancement of the
invasiveness of cancer cells [95]. In this loop, fibrob-
lasts secrete growth factors, including HGF [220],
keratinocyte growth factor (KGF) [221], and IGF-1
and -2 [222], which in turn stimulate the prolifera-
tion of cancer cells. The effect shown by Hawinkels
et al. [223], following local cell-cell interactions between
breast cancer cells and fibroblasts, occurs on numerous
genes, also involving the regulation of the expression of
TGF-B-altered genes.

These signaling pathways would act as positive
feedback loops, which result in an increment of tumoral
mass and/or amplification of signaling molecules, lead-
ing to tumor therapy resistance. The involvement of
TGF-B signaling is known, leading to stimulating
myofibroblast differentiation. On the contrary, the
inhibition of TGF-f signaling in stromal fibroblasts
results in a significant regression in tumor growth.
However, these antitumor effects may vary depending
on individual tumor models [224]. The pivotal role of
the TGF-B signaling pathway is underlined by the cir-
cumstance that it has become a therapeutic target due
to its capacity to instruct a pro-tumorigenic program in
tumor stromal cells by using cancer cells crosstalk [225].

It is known that there are subpopulations of
CAFs according to distinct functional states [226].
This then raises the question of what determines the
CAFs’ heterogeneity. It is possible that the CAFs’ het-
erogeneity characterizes different functions [227,228].
Furthermore, alterations in CAFs show a remarkable
spectrum of organ/tissue specificity. For example, cave-
olin (CAV)-1 was found to induce glycol-metabolic
reprogramming in breast CAFs [229], while CAV-1-
induced aerobic glycolysis was not completely verifiable
in oral CAFs [230]. Therefore, these alterations in

CAFs seem to exist only in some types of cancers.
It is the opinion of some authors that the hetero-
geneity of CAFs in the same organ or tissue would
depend on their precursor fibroblasts [231]. Most of
the time, CAFs are derived from the activated local
tissue-resident fibroblasts, fibrocytes recruited from
bone marrow, MSCs, and stellate cells, or are the prod-
ucts of the mesenchymal transition of epithelial and
endothelial cells, and the transdifferentiation of peri-
cytes, smooth muscle cells, and adipocytes [232,233].
Based on their origin, the functions and markers of
CAF subtypes will be different and unique.

Whether CAFs can switch in distinct functional
states or subtypes, has been suggested by studies
on the cytokine network. IL-1 signaling induces the
generation of inflammatory CAFs, whereas TGF-3
antagonizes CAF switching from an inflammatory
phenotype to a myofibroblast phenotype [234,235].
That would demonstrate the important role of TME
and molecular signaling as well as the specific cell
types producing signaling molecules. Wu et al. found
that gastric cancer-derived HtrA Serine Peptidase 1
(encoded by the gene HTRAI1) promoted CAFs gen-
eration from normal fibroblasts through the activation
of the NF-xB/bFGF/FGF2 signaling pathway [230].
It was also shown that the CAF acquisition of
secretory phenotype by activating NF-xB induced
by CXCR2 signaling [237], noting that the NF-xB
signaling pathway was involved in regulating CAF
factor secretion. Also, in oral squamous carcinoma
cells, CAFs exhibited increased CXCL1 secretion in
an NF-kB-dependent manner after being stimulated
with IL-1B [238]. An inflammatory environment in
pancreatic cancer was demonstrated as cancer cell-
derived IL-1o determined an increment of expression
of COX-2, CXCLS8, CCL20, and IL-6 in CAFs [239].
In this perspective, NF-xB would play a role in the
crosstalk between cancer cells and CAFs. In fact, CAF-
driven NF-xB was verified as a pro-inflammatory gene
signature critical for tumor progression. In human
breast cancer, CAF-derived CXCL1, IL-6, and COX-
2, known as targets of the NF-kB transcription factor,
were shown to be associated with tumor-promoting
inflammation and tumor invasiveness [240]. ROS trig-
gered NF-xB activation and STAT3 in CAFs to
upregulate CCL2, while the inhibition of CCL2 could
reduce tumor growth of oral cancer in a mouse
model [241]. Also, in squamous cell carcinoma, the pro-
inflammatory signaling driven by CAFs appeared to
be NF-kB-dependent [242]. Other signaling pathways
in CAFs, including Notch, and crosstalk of CAFs
with cancer cells, as well as targeted therapy of CAF-
induced signaling pathways, can be found in detail in
Wu et al. [226]. In our opinion, silica could also act in
this way because, as shown above, silica is capable of
activating NF-xB directly and through the increment
of ROS.

4 Silica, Fibrosis, and Cancer: A Working Hypothesis

Table 3 represents the decisive nodes that
distinguish a fibrosis-type microenvironment from a
tumor-promoting microenvironment.
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Table 3
Decisive nodes separating fibrosis and tumor microenvironments
.. Fibrosis-type Tumor-promoting
Decisive node microenvironment (wound microenvironment References
healing/chronic) (cancer-associated)
Primary Driver Tissue injury, chronic Malignant cell signaling, [92,126—
inflammation (TGF-8 reprogramming 128,185,197,198]
dominant) (Wnt/Notch/TGF- loop)
Fibroblast State Pathologically activated Cancer-Associated [92-95]
myofibroblasts Fibroblasts (CAFs—tumor
(repair-focused) supportive)
ECM Structure Organized, flexible collagen Stiff, cross-linked, high [143]
fibers density (collagen/hyaluronan)
Mechanotransduction Evident stress High YAP/TAZ activation [92-95]
(via ECM stiffness)
Notch Signaling Notch-mediated Notch1/3/4 activation + [192,226]
myofibroblast differentiation crosstalk (angiogenesis,
(pro-fibrotic) stemness, EMT)
Notch Ligand/Receptor  Jagged1-Notch1/Notch3 axis High Jagged1, DIl1, Dll4, [192,226]
(repair) Notch1/3/4 (pro-tumor)
Macrophage Phenotype M2-like (wound Specialized TAMs [121-123]
healing/remodeling) (immunosuppressive/pro-
angiogenic)
Immune Response Pro-fibrotic cytokine release Suppressive (Treg, MDSC [243-245]
(IL-4, IL-13) recruitment)

Note: DII: delta-like; EMT: epithelial-to-mesenchymal transition; MDSC: myeloid-derived suppressor cells; ECM, extracellular matrix; TAMs, tumor-associated

macrophages; Treg, regulatory T cells.

A positive loop exists that underlies the crosstalk
between cancer cells and CAFs. The last produced
PDGF that determines proliferation of fibroblasts and
expression of IGF-1 and IGF-2, which in turn induce
proliferation of cancer cells [219,222]. At the end, this
activation results in MMP generation, mediating degra-
dation of the ECM that increases the invasiveness of the
tumour [95]. Notch signalling seems to play a strategic
role. Indeed, its block is associated with Tregs increase,
whereas its overexpression reduces Tregs [246-248],
and this reduction would explain the increment of
autoimmune diseases found in silicosis patients [100].
Moreover, when the Notch signaling is halted, an incre-
ment of IL-4 and IL-13 and polarization of TAMs
toward a M2 phenotype is observed, and this pro-
motes angiogenesis and “not-eat me” immune editing.
Vice versa, if Notch signaling is activated, TAMs
polarize toward M1, increasing IL-12, antigen presen-
tation capacity, phagocytosis, and thus toward “eat me”
response. Activated Notch signaling provokes fibrosis
and the increment of the M1 antitumour activity. On
the other hand, the block of Notch signaling avoids
fibrosis and induces tumour [243-245]. Therefore, it is
important to highlight that M1 and M2 macrophages
succumb to transcriptomic mechanisms that transform
them. Such a transcriptomic mechanism was demon-
strated in silicosis by Liu et al. [124], who revealed an
important feature of some fibroblasts capable of induc-
ing permanent inflammation through FABP4, which

regulates the activation of the PI3K/AKT/mTOR path-
way, participating in SiO2-induced M1 polarization
of macrophages and the accumulation of intracellular
cholesterol components. More recently, Begka and col-
leagues [249] were able to establish in a silicotic mouse
model that, via transcriptomic profiling, uncovered an
interplay between macrophages, neutrophils, fibrob-
lasts, and AT?2 epithelial cells, potentially perpetuating
silicotic lesions through their dynamic talk. Similarly,
in a silicosis mouse model, Cao et al. [250] demon-
strated the presence of two types of endothelial cells,
one capable of driving inflammation, the other one
involved in repair mechanisms, showing a pathologi-
cal shift toward inflammation-amplifying endothelial
cells and impaired reparative capacity during silicosis
progression.

In this complex interplay, silica could increment
Notch signaling via ROS and NF-xB signaling, induc-
ing fibrosis or reduce this signaling and thus determine
cancer. If in this context, this signaling is decisive has
yet to be defined: it is a hypothesis. CAF subtype
specification is determined by graded or threshold-
dependent Notchl signaling activity, rather than a
simple ON/OFF mechanism, functioning as a “molec-
ular switch” that governs CAF heterogeneity [251,252],
unveiling Notchl signaling as a potential therapeutic
target for tumors or fibrosis.

Today we can affirm that the study of this Notch
signaling could result strategic and be the next phase
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in the study of silica toxic mechanisms. This study
could help to answer the question, considering Silica, a
known fibrogenic and carcinogenic agent, which are the
conditions that either transform fibrosis into cancer or
that avoid cancer and induce fibrosis. Further studies
would verify if cancer is a fibrosis that failed or if the
fibrosis is an unsuccessful cancer.

Tuble 4 provides an overall summary of the main
topics and targets that make a difference in the patho-
genesis of lung fibrosis vs. lung cancer as induced
by Silica.
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A hypothesis can be derived from our review, as
illustrated in figure 2. As discussed previously, proin-
flammatory cytokines determine a context of chronic
inflammation, however the immune system plays a
pivotal role in the divergent pathogenesis of cancer vs.
fibrosis, In cancer, the imbalance between Treg/Teff
(ratio > 1) modulates an immune escape that, together
with CAFs and the inactivation of Wnt/B-catenin,
leads to cancer; instead if the Treg/Teff ratio is <1,
a stromal reaction occurs that turns out to fibrosis.
Cancer and fibrosis show different mechanisms only in

Table 4
Silica-induced fibrosis vs. cancer

Feature Silica-induced fibrosis Cancer (silica-related) References
Cell Death Massive apoptosis of alveolar Evasion of apoptosis; [10,82,83]
macrophages due to silica programmed cell death is

crystals inhibited to allow tumor survival
Ferroptosis Promotes epithelial damage and Often suppressed to avoid cell [16]
fibroblast activation via iron death or exploited for metabolic
overload and ROS adaptation/resistance
ROS & Direct crystal-induced ROS; High ROS levels act as signaling [24,180]
Mitochondrial mitochondrial dysfunction leads molecules for genomic instability
Damage to tissue injury and proliferation
UPR & NF-xB Chronic NF-xB activation drives NF-xB promotes tumor cell [30,31,40,179]
persistent inflammation and survival, EMT, and invasion
pro-fibrotic signaling.
Inflammasome Critical NLRP3 activation in Chronic inflammasome [36]
response to silica, leading to activation creates a
IL-1P release pro-tumorigenic
microenvironment
Cytokines Dominated by TGF-B1, TNF-a, Cytokines (like IL-10 and [41,92,126-128,224]
and IL-6 to drive collagen TGF-P) are hijacked to suppress
deposition anti-tumor immunity
Senescence & SASP Senescence of epithelial SASP can promote tumor [170,184]
cells/fmacrophages; SASP progression, angiogenesis, and
accelerates the fibrotic process niche remodeling
Notch Signalling Regulates EMT and Essential for metastasis [192,226,253]

fibroblast-to-myofibroblast shift
during scarring.

Promotes the differentiation of
resident quiescent fibroblasts
into myofibroblasts

Wnt/B-catenin
pathway

Macrophages Recurrent cycle of
phagocytosis/death; shift toward

M2 pro-fibrotic phenotype

Th1/Th2 imbalance; Treg and
responder T cells imbalance. Treg
expansion to limit damage but
promotes fibrosis.

T Cell Regulation

Fibroblasts Massive differentiation into
myofibroblasts; excessive ECM

and collagen production

Acts as a tumor suppressor [137,197,198]

Presence of TAMs that protect [121-123]
and nourish the tumor
Recruitment of Tregs and [84,85]
MDSCsto induce T-cell
exhaustion (immune escape)
Fibroblasts evolve into CAFs, [92-95]

creating a permissive
environment for tumor growth

Note: ROS: reactive oxygen species; UPR: unfolded protein response; SASP: senescence-associated secretory phenotype; Treg: regulatory T cell; MDSCs: myeloid-
derived suppressor cell; ECM: extracellular matrix; EMT: epithelial-mesenchymal transition; TAMs: tumor-associated macrophages.
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the last pathogenic phases where the role the immune
system overlaps with that of microenvironment: here
different cells communicate with each other through
intercellular communication, juxtacrine, and paracrine
signaling and these messages seem to be tissue and
cellular specific, because the same signal can play
opposite role if it is activated or is inactivated. This
leads to our working hypothesis because an important
role emerges regarding to Wnt/B-catenin that controls,
through other molecular signaling such as Notch and
YAP/TAZ, the different fates, however these latter sig-
naling pathways act in a tissue and cellular specific
fashion. We could hypothesize that, despite its canoni-
cal oncogenic role, in this specific microenvironment if
Wnt/B-catenin is inactivated the cancer is enabled, vice
versa if it is activated the fibrosis occurs. If we could
modulate this interplay, we would transform cancer in
fibrosis: it would be an important success in the fight
against cancer but for now it is just a working hypoth-
esis. Nowadays it is known that fibrosis can transform
in cancer: will it be possible a day to do otherwise?

5 Therapeutic Targets and Early Molecular Detection

Targeting Notch, TGF-B, or CAF-associated pathways
offers promising therapeutic avenues to shift disease
trajectories from progressive fibrosis or cancer toward
resolution and prevention. These pathways are deeply
interconnected, frequently co-activated in pathological
stroma, and drive both fibrotic deposition and cancer
progression. TGF-P inhibition directly reduces myofi-
broblast differentiation and ECM deposition. For
example, relaxin-2, TGF-B receptor (TBRI) inhibitors,
and integrin ovB6 antagonists (e.g., BG00011) have
demonstrated success in reducing fibrosis in lung,
liver, and kidney models [254]. Besides its inhibitory
action on the TGF-B pathway, the pleiotropic hor-
mone relaxin attenuated fibrosis via a Wnt-dependent
mechanism [137]. On the other hand, TGF-§ inhi-
bition (e.g., bintrafusp alfa or galunisertib) reduces
CAF activation, reverses EMT, and lowers resistance to
chemotherapy by breaking down the physical fibrotic
barrier [254]. Given the Notch activation in both fibro-
sis and cancer, it is not surprising that inhibition of
Notch would be therapeutic in these two conditions.
Notch inhibition (e.g., via y-secretase inhibitors—
GSIs) reduces myofibroblast activation and triggers
apoptosis of existing myofibroblasts, promoting the
regression of established fibrosis [192]. Inhibiting
Notch (specifically Notch3 or JAGI) reduces cancer
cell migration, invasion, and EMT. Currently, clinical
trials for Notch signaling, encompassing GSIs, ADAM
inhibitors, antibodies targeting Notch receptors or
ligands, Notch transcription complex inhibitors, and
v-secretase modulators (GSMs) are undergoing [253].
The challenge will lie in identifying methods to finely
modulate Notch inhibition under both conditions. As
to CAFs, several strategies have been proposed to either
eliminate tumor-promoting CAFs or reprogram them.
However, the plasticity and heterogeneity of CAFs
complicate the understanding of their properties and
present difficulties for clinical application [255]. At the
moment, because of some therapeutic options with
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the same operational effect (i.e., inhibition), it is dif-
ficult to therapeutically steer the response towards a
less harmful outcome. Moreover, while targeting the
pathways of fibrosis/cancer shows efficacy in preclinical
models, their critical role in normal tissue homeostasis
requires precise, context-dependent, or selective thera-
peutic strategies to avoid adverse effects.

In order to detect disease before irreversible fibrosis
occurs, effective immune phenotyping and longitudinal
monitoring of high-risk silicosis patients—particularly
those exposed to engineered stone or sandblasting—
require transitioning from reliance on radiology to
molecular-level surveillance. Key strategies involve
monitoring for persistent macrophage activation,
accelerated oxidative stress, and T-cell-mediated
immune imbalance (Th1/Th2/Th17) using minimally
invasive techniques [256]. High-risk monitoring should
include measuring neopterin in serum/urine (marker
of cellular immune response) and increased TNF-
o or IL-1 release [256]. Elevated malondialdehyde
(MDA), 8-isoprostanes, and reduced superoxide
dismutase (SOD) could be considered as markers
of oxidative stress and lipid peroxidation, as well
as of disease progression, especially when used in
combination with exhaled breath condensate (EBC)
to measure volatile organic compounds (VOCs) and
oxidative markers, offering a non-invasive method for
longitudinal surveillance [257]. The investigation of
leukocyte/lymphocyte subsets in silicosis patients led
to the discovery that the proportions of memory B
cells, naive helper T cells, and the CD4"/CD8* T cells’
ratio in the peripheral blood of patients with silicosis
were significantly decreased, while the percentages of
plasma cells, memory helper T cells, and regulatory
T cells were significantly increased, as compared with
healthy controls [258]. Profiling exosomes released by
macrophages, containing miRNAs (e.g., miR-125a-5p,
miR-107, miR-23a-3p) that regulate TGF-B and NF-
kB pathways, in serum or BALF offers high-resolution
detection of early fibrotic activity [172] could represent
another chance, but perhaps it would need to better
understand their practical limitations.

6 Limitations and Conclusions

Given its nature as a narrative review, this work
does not purport to be exhaustive. Rather, our pri-
mary objective is to delineate potential trajectories for
future research and to stimulate further intellectual
discourse on these topics. Whether our hypotheses are
ultimately validated or refuted, we contend that this
conceptual framework should contribute to the field.
The limitations of this study are represented by the
inherent constraints of a narrative review, which may
result in the unintentional omission of certain rele-
vant studies; the non-exhaustive characterization of the
diverse signaling pathways involved in fibrosis and car-
cinogenesis; the potentially provocative nature of our
conclusions, which, while not yet fully substantiated by
experimental data, are intended to serve as conceptual
catalysts for future investigations.

Starting from the analysis of silica exposure, the
mechanisms underlying two distinct pathological out-
comes were explored. The objective was to determine
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how different signals and cells that constitute microen-
vironment may determine what we consider individual
susceptibility factors or the intrinsic physicochemical
properties of the toxic substance that can exert a more
decisive influence on the development of either silicosis
or malignancy. This review examined the progres-
sive cascade—characterized by DAMPs, ROS, chronic
inflammation, and immune modulation—that culmi-
nates in either fibrosis or cancer. Perhaps, we should
modify our approach by seeking to connect these
complex interactions considering them as a whole,
examining the cellular dialogue that can alter the
microenvironment, since this appears to be the place
where everything is crucial. In particular, it seems
important to answer some questions regarding the
microenvironment, where immune and non-immune
cells share a physical space, producing mediators that
allow them to communicate with each other.

In fact, the diverse signaling pathways govern-
ing intercellular communication are critical, as they
appear to dictate these divergent cellular fates. As a
provocative conceptual proposal, and considering that
fibrosis can precede oncogenesis, the possibility of
modulating the oncogenic trajectory toward a fibrotic
phenotype through the Wnt/B-catenin pathway should
be suggested. Its activation should lead to the subse-
quent activation of Notch and YAP/TAZ signaling,
and this crosstalk requires more attention and further
investigations.

In conclusion, an intricate network of cells, medi-
ators (including cytokines) and signaling pathways
are involved in the modification of the microenviron-
ment to build either fibrosis or cancer. Advancing
mechanistic resolution and translational validation of
Notch, YAP/TAZ and Wnt/B-catenin pathways should
be essential for transforming silicosis or pre-neoplastic
microenvironment from descriptive frameworks into
clinically actionable platforms. These efforts may ulti-
mately enable the development of targeted strategies
that mitigate either silicosis or cancer or halt the pro-
gression of silica-derived diseases.
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