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Purpose of review

There has been a rapid increase in silicosis cases, particularly related to artificial stone. The key to
management is avoidance of silica exposure. Despite this, many develop progressive disease and there are
no routinely recommended treatments. This review provides a summary of the literature pertaining to
pharmacological therapies for silicosis and examines the plausibility of success of such treatments given the
disease pathogenesis.

Recent findings

In-vitro and in-vivo models demonstrate potential efficacy for drugs, which target inflammasomes, cytokines,
effector cells, fibrosis, autophagy, and oxidation.

Summary

There is some evidence for potential therapeutic targets in silicosis but limited translation into human
studies. Treatment of silicosis likely requires a multimodal approach, and there is considerable cross-talk
between pathways; agents that modulate both inflammation, fibrosis, autophagy, and ROS production are
likely to be most efficacious.
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INTRODUCTION

Silicosis is an occupational interstitial lung disease
caused by the inhalation of respirable crystalline
silica (RCS) particles. Silicosis remains a global issue
as in 2017, the Global Burden of Disease study
identified 23695 incident cases of silicosis [1], with
the highest rate of new cases reported in the East
Asia region. Considering millions of workers world-
wide are exposed to occupational RCS, the reported
cases are likely to be a major underestimation of the
actual number of affected workers. In recent years,
there has been a rapid increase in cases of silicosis
identified in high-income and middle-income
countries such as Australia [2], Spain [3], Israel [4],
and India [5], primarily related to the popularity of
high silica content artificial stone used to fabricate
domestic benchtops.

Direct cytotoxic effects of silica and stimulation
of unresolving inflammation and fibrosis result in
parenchymal damage and a varied spectrum of dis-
ease. Silicosis can be slowly progressive, such as that
of chronic silicosis, or rapidly progressive, such as in
those who develop accelerated silicosis. Risk factors
for increased disease progression include higher
cumulative exposure, type of exposure (e.g. expo-
sure to artificial stone), lower lung function, larger
size and extent of lung opacities, and elevated serum
rs Kluwer Health, Inc. All rights rese
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angiotensin-converting enzyme (ACE) levels [6,7].
Patients with silicosis may be asymptomatic or
develop breathlessness, cough, chest pain, and
respiratory failure.

The key to management of silicosis is the avoid-
ance of further exposure to RCS, however, even
following exposure cessation, many will exhibit
progressive disease. Despite the increasing preva-
lence and devastating impact of silicosis, there are
no routinely recommended treatments in clinical
practice beyond lung transplantation for end-
stage disease.

This review provides a summary of the literature
pertaining to pharmacological therapies for silicosis
and examines the plausibility of success of such
rved. www.co-pulmonarymedicine.com
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KEY POINTS

� There has been a worldwide increase in silicosis cases,
and there are no routinely recommended treatments.

� In-vitro and in-vivo models demonstrate potential
efficacy for drugs, which target inflammasomes,
cytokines, effector cells, fibrosis, autophagy,
and oxidation.

� Therapies which target targets IL-1, IL-17, TNF, and TGF
and has anti-inflammatory and antifibrotic effects with
the least chance of unwanted side effects may be
most effective.

Obstructive, occupational and environmental diseases
treatments given the disease pathogenesis. It
includes currently available drugs, repurposed drugs,
and treatments under development. It includes evi-
dence derived from in-vitro and animal models and
indirect evidence from similar lung conditions such
as sarcoidosis and idiopathic pulmonary fibrosis
(IPF). It does not include Chinese Medicine-derived
therapies, and readers are directed to an excellent
review by Adamcakova and Mokra [8] for a review of
this literature, nor does it include nonpharmacolog-
ical treatments such as whole lung lavage or lung
transplantation. In summarizing the current avail-
able pharmacological evidence, this review provides
a call to arms to urgently progress possible effective
therapies to human trials to find efficaciousmanage-
ment strategies for these patients.
PATHOGENESIS OF SILICOSIS

Determination of the most effective treatments for
silicosis requires an understanding of the pathways
that contribute to the pathogenesis of the disease.
Silica is a naturally occurringparticle found inquartz.
Exposure to respirable (<10mm in size) crystalline
silica occurs most commonly in occupations that
involve disturbing the earth’s crust (mining) or the
processing of quartz-containing materials (mining
production, tunnelling, abrasive blasting, processing
artificial stone). There are multiple mechanisms by
which lung injury occurs. Inhaled silica particles
reach the distal bronchioles and alveoli of the lung,
where they are engulfed by resident alveolar macro-
phages and endocytosed by epithelial cells lining the
airways, which are unable to clear the silica, leading
to aberrant inflammation and injury. Scavenger
receptors and macrophage receptors with collage-
nous structures (MARCO) recognize and stimulate
the phagocytosis of silica by macrophages [9]. In
an attempt at repair, granulomas and inflammatory
cells aggregate to form silicotic nodules. Ongoing
inflammation causes perpetual lung injury, resulting
186 www.co-pulmonarymedicine.com
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in the coalescence of silicotic nodules, fibrosis or
scarring, and the obliteration of functional lung
parenchyma [10,11].
THE NLRP3 INFLAMMASOME IS A
MASTER REGULATOR OF INFLAMMATION

Once inside cells such asmacrophages and epithelial
cells, silica particles activate the nucleotide-binding
domain, leucine-rich-containing family, pyrin
domain-containing-3 (NLRP3) inflammasome – a
cytoplasmic multimeric protein complex of the
innate immune system, which induces further
inflammation [12] (Fig. 1). Genetic polymorphisms
in NLRP3 and caspase-1 have been associated with
increased susceptibility to silicosis [13]. NLRP1 is
another member of the NOD-like receptor (NLR)
family capable of forming active inflammasome
complexes [14]. Inflammasomes are activated by a
range of mediators from infection, tissue damage,
and cellular stress. Following activation, caspase-1
cleaves pro-IL-1b and pro-IL-18 into their mature
and bioactive forms, IL-1b and IL-18, respectively.
Additionally, caspase-1 activation also leads to
cleavage of gasdermin D (GSDMD). Active N-termi-
nal GSDMD subunits insert into the lipidmembrane
and oligomerize to form a transmembrane pore,
which facilitates the release of IL-1b and IL-18
[15–17] and results in pyroptosis, an inflammatory
form of cell death.
THERAPEUTIC TARGETING
INFLAMMASOME RESPONSES

Studies utilizing gene-deficient mice have demon-
strated a major role for inflammasomes in promot-
ing chronic inflammation and the development of
fibrosis in silicosis. These include studies in Asc-/-,
Nlrp3-/-, Gsdmd-/-, and Gsdme-/- mice [18–21]. Inter-
estingly, genetic deficiency of caspase-1 or caspase-1
inhibitor treatment has been shown to not largely
attenuate silicosis disease [21]. Small-molecule
inhibitors of inflammasomes are not currently clin-
ically available. The strategy of targeting inflamma-
somes directly provides the opportunity to
collectively limit IL-1b and IL-18 maturation and
pyroptosis (Fig. 1). Direct targeting of NLRP3 and/or
NLRP1 inflammasomes with inhibitors may offer
advantages over current anti-IL-1 therapies (e.g.
anakinra and canakinumab), which have been asso-
ciated with the development of autoantibodies and
an increased risk of infections [22,23].

MCC950 is a compound that inhibits NLRP3-
mediated oligomerization and subsequent inflam-
masome assembly, resulting in inhibition of
IL-1b [24,25]. In-vitro and mouse models have
Volume 30 � Number 2 � March 2024
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FIGURE 1. Activation of the NLRP3 inflammasome requires two signals to prime and activate the complex. The first signal
involves pattern-recognition receptor (PRR)-mediated activation of NF-kB (e.g. TLR-4) and transcription of genes involved in the
NLRP3 inflammasome complex, including NLRP3, and pro-caspase-1, as well as cytokines pro-IL-1b and pro-IL-18. A second
signal is required for NLRP3 activation, in which NLRP3 binds to apoptosis-associated speck-like protein containing a CARD
(ASC), which in turn recruits caspase-1. This causes autocatalysis of pro-caspase-1 to bioactive caspase-1, which subsequently
cleaves pro-IL-1b and pro-IL-18. Following assembly of the NLRP3 inflammasome, a second activation signal is required. In
silicosis, the second signal includes extracellular ATP activation of the P2X7 receptor (P2X7R), generation of reactive oxygen
species (ROS) generated by mitochondrial damage, or lysosomal rupture. Phagocytosed silica particles disrupt the
phagolysosomal membrane, allowing acidic hydrolases, including cathepsin B, to leak into the cytosol. Impaired autophagy
may also increase the expression of cytokines (TNF, IL-1b, and IL-6) and promote collagen deposition [74]. Caspase-1
activation also leads to cleavage of GSDMD between the autoinhibitory C-terminal and active N-terminal (NT) domains. Active
NT GSDMD subunits insert into the lipid membrane and oligomerize to form a transmembrane pore [15]. The GSDMD pore
facilitates the release of active pro-inflammatory cytokines IL-1b and IL-18 from macrophages and dendritic cells [16,17].
GSDMD pore formation ultimately leads to osmotic and cell lysis (pyroptosis) and the release of inflammatory cellular contents,
including damage-associated molecular patterns (DAMPs) such as IL-1a, ATP, and HMGB1 [75]. Gasdermin E (GSDME) can
also be cleaved between its N-terminal and C-terminal domains by caspase-3 during apoptosis to form a pore [21,76&]. Sites
of actions of compounds studied in silicosis are depicted.

Toward targeted treatments for silicosis Barnes et al.
demonstrated therapeutic efficacy (Table 1), but a
phase II trial in rheumatoid arthritis was ceased early
because of abnormal liver enzyme function (unpub-
lished data) [26]. Further clinical trials, including
those with inhaled preparations, are ongoing [27

&&

].
Another potential therapeutic target of inflam-

masomes is the purinergic ionotropic receptor
(P2X7R). Probenecid was first used in World War
II to extend the limited supply of penicillin and is
1070-5287 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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now a Food and Drug Administration (FDA)-
approved drug currently used as an oral treatment
for gout with a long and well documented safety
profile [28]. Importantly, probenecid inhibits
NLRP3 responses in vitro and in the lung in murine
models [29] and is under investigation as a possible
therapeutic in silicosis. Several compounds have
been identified as inhibitors of GSDMD alone or
both GSDMD and GSDME; however, they have been
rved. www.co-pulmonarymedicine.com 187
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Table 1. Compounds directed at the inflammasome

Compound Target Evidence

MCC950 Inhibits NLRP3-mediated oligomerization and
subsequent inflammasome assembly

Inhibition of NLRP3 inflammasome activation in silica-treated human
bronchial epithelial cells treated with MCC950 compared with untreated
control cells [41].

Reduced lung granuloma formation on lung tissue in mice [26,35]

ADS032 Dual NLRP1 and NLRP3 inhibitor Reduced secretion and maturation of IL-1b in human-derived macrophages
and bronchial epithelial cells, and reduced IL-1b and TNF levels in mice
[36].

Probenecid Inhibits the P2X7R leading to reduced NLRP3
inflammasome responses

Reduced secretion and maturation of IL-1b in silica-treated murine
macrophages and reduction in airway IL-1b, TNF and IL-6 in mice [29].

Dimethyl
fumarate

Inhibits GSDMD and GSDME Reduction in pyroptosis and IL-1b and IL-18 secretion in mice [37].

Disulfiram Inhibit GSDMD activation Improved lung function and histopathological fibrosis in mice [38].

GSMD/E, gasdermin D/E; IL, interleukin; NLRP3, nucleotide-binding domain, leucine-rich--containing family, pyrin domain--containing-3; P2X7R, purinergic
ionotropic receptor; TNF, tumor necrosis factor.

Obstructive, occupational and environmental diseases
shown to have limited specificity [30–34]. These
include FDA-approved drugs dimethyl fumarate
and disulfiram (Fig. 1 and Table 1).
DOWNSTREAM INFLAMMATION AND
FIBROSIS RESULTS FROM MULTIPLE
EFFECTOR CELLS AND CYTOKINES

Repeated silica exposure augments chronic activa-
tion of inflammasomes and subsequent maturation
and release of IL-1b and IL-18 [13] which attract Th1
lymphocytes, Th2 lymphocytes, and type 2 effector
cells including eosinophils, mast cells, and fibro-
blasts [39

&&

] (Fig. 2). TGFb and IL-6 contribute to
the differentiation of Th17 lymphocytes, which are
upregulated in silicosis, where they promote the
formation of granulomas via the production of IL-
17 [40] (Fig. 2). Permanent lung fibrosis and airway
remodeling is driven by the pro-fibrotic mediator
transforming growth factor beta (TGFb), a key effec-
tor of collagen deposition and turnover in fibrotic
lung diseases.

IL-1b also plays a key role in the progression of
fibrosis by facilitating Th17 activity [42] and
enhancing TGFb responses [43,44]. In a silicosis
mousemodel, increased Th17 responses and inflam-
mation were inhibited by the IL1 receptor (IL-1R)
antagonist, anakinra, suggesting that effects exerted
by Th17 may be dependent on IL-1a and/or IL-1b
[40]. Additionally, IL1b levels were reduced follow-
ing treatment with an anti-IL-17 monoclonal anti-
body, indicating a role for Th17 in mediating IL-1b
expression [40]. Although the role of IL-1b in driv-
ing silicosis has beenwell documented [45,46], there
are limited studies examining the in-vivo role IL-18
[47]. Clinical studies of patients with silicosis dem-
onstrate that genetic polymorphisms in TNF, IL-1a,
188 www.co-pulmonarymedicine.com
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and TGFb confer a higher risk of disease, and plasma
levels of TNF, IL-6, and IL-18 are associated with
disease severity and the risk of disease progression
[48].
ANTI-CYTOKINE THERAPY: BROAD AND
SPECIFIC TARGETS

Therapies that target IL-1 family cytokine produc-
tion or activity could modulate the disease. Mono-
clonal antibodies against cytokine production or
cytokine receptors are used in a wide variety of
other diseases. Conversely, genetic deficiency of
IL-1b or antibody-mediated neutralization of IL-
1b limits disease progression [45,46]. Anakinra, an
IL-1R antagonist (IL-1ra), has been studied in sili-
cosis mouse models [40] and in one human case
report [49]. IL-1ra treatment of mice was shown to
reduce collagenous-containing pulmonary nod-
ules, however, cellular inflammation in the airways
was not largely altered, suggesting it may be useful
in established fibrosis but less so in reducing
inflammation [56]. Conversely, Song et al. [40]
demonstrated anakinra treatment substantially
decreased silica-induced lung inflammation and
the Th17 responses. In contrast, administration
of an anti-IL-1b monoclonal antibody in mice
found reduced numbers of airway macrophages
and neutrophils, as well as reduced TGF-b and
fibronectin on lung histopathology, and a skewed
Th1/Th2 response [45]. Anakinra was also used in a
patient with progressive silicosis [49]. After
6 months of treatment, there was an improvement
in oxygenation, diffusing capacity for carbonmon-
oxide (DLCO), and radiological improvement on
PET scans but not on other lung function param-
eters (Table 2).
Volume 30 � Number 2 � March 2024
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FIGURE 2. IL-1b secreted by macrophages following inflammasome activation induces NF-kB activation and the production of
cytokines such as IL-6, TNF, and pro-IL-1b itself, as well as the migration of type 1 alveolar macrophages and neutrophils to
the airways. These inflammatory cells attract Th1 lymphocytes, which in turn secrete IFNg and TNF. Repeated silica exposure
augments this inflammatory response, resulting in sustained activation of macrophages that can lead to permanent lung fibrosis
and airway remodeling. Fibrosis is driven by the pro-fibrotic mediator transforming growth factor beta (TGFb), a key effector
of collagen deposition and turnover in fibrotic lung diseases. TGFb and IL-6 contribute to the differentiation of Th17
lymphocytes, which are upregulated in silicosis, where they promote the formation of granulomas via the production of IL-17
[33]. Silica increases the production of IL-1b and IL-18 and induces epithelial --mesenchymal transition (EMT) [77] where
epithelial cells acquire a more mesenchymal-like phenotype. EMT promotes further synthesis and deposition of collagen in
fibrotic lung diseases, further worsening disease outcomes. Sites of actions of compounds studied in silicosis are depicted.

Toward targeted treatments for silicosis Barnes et al.
Anti-TNF drugs have been used for several dec-
ades for immune-mediated inflammatory diseases,
including rheumatoid arthritis, axial spondylarthri-
tis, psoriasis, and inflammatory bowel disease.
Infliximab is the only anti-TNF antagonist studied
in silicosis thus far, though it has been used in
several other diseases (Table 2). However, caution
is advised in the use of TNF antagonists in thosewith
positive autoantibodies, specifically antinuclear
antibodies (ANA). This is because of the increased
risk of lupus associated with TNF antagonists in
these patients. TNF blockade may contribute to
defective apoptosis, which in turn could enhance
the survival of autoreactive T cells and promote
nephritis, as well as resulting in the release of
nuclear debris, a trigger for ANA production and
lupus [57,58]. Several other cytokine blockade thera-
pies have been studied in mouse models of silicosis,
including IL-9, IL-13, and IL-17 (Table 2).

IL-17 receptor antagonists have not yet been
studied in humans, but three IL-17monoclonal anti-
bodies (brodalumab, secukinab, and ixekizumab) are
1070-5287 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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available in clinical practice for psoriasis and other
autoimmune diseases. The potential benefits of
downregulating or blocking IL-17 should beweighed
against the potential risks of increased susceptibility
to infections. Common bacterial pathogens Strepto-
coccus pneumoniae, Pseudomonas aeruginosa, and Kleb-
siella pneumoniae, as well as fungal pathogens
including Pneumocystis carinii were increased in Il-
17-/- mice [59]. Patients with silicosis who already
have reduced functional parenchyma may not toler-
ate recurrent or serious pulmonary infections.

Broader immunosuppression strategies have
also been studied in silicosis. Prednisolone (30mg
daily for 6 weeks, then tapered to 2.5mg daily) was
studied in 34 patients with silicosis [60]. At 6
months, there was an improvement in FVC% pre-
dicted and DLCO% predicted when compared with
baseline values. BAL analyses before and after treat-
ment demonstrated a reduction in lymphocyte and
total cell counts, and the authors postulated that
prednisolone may suppress the alveolitis associated
with silicosis. Longer term, larger studies have not
rved. www.co-pulmonarymedicine.com 189
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Table 2. Compounds directed at the immunologic response

Compound Target Evidence

Anakinra IL-1R antagonist Inhibition of Th17 cytokine activity in mice [40].
One human case report in silicosis -- improved

oxygenation, DLCO, and PET [49].

Infliximab Chimeric mouse-human monoclonal antibody which
neutralizes TNF

Decreased inflammation and collagen deposition in the
lungs, and decreased NF-kB expression of inducible
NOS. Improved in lung function and reticulonodular
opacities on chest X-ray in sarcoidosis [50].

Etanercept A ‘decoy receptor’ fusion protein that inhibits the binding of
TNF to its cell surface receptor

Used in RA, psoriasis, IBD.
A phase II trial using etanercept in patients with sarcoidosis

was stopped early because of a lack of treatment
response.

A phase II trial in IPF showed a nonsignificant reduction in
disease progression [62,51].

IL-9
blockade

IL-9 receptor antagonist targets macrophages, Th2 cells,
mast cells, and Th17 cells

Silicosis mice suppressed not only histopathological
evidence of fibrosis (hydroxyproline staining) but also
reduced type 2 inflammation via IL-12, IL-18, and TNF
[52,53].

IL-13
blockade

IL-3 antagonist inhibits granuloma formation, inflammation,
and fibrosis

Intranasal administration of an IL-13 recombinant
immunotoxin in silica-exposed mice resulted in a
reduction in granuloma and collagen deposition,
reduction in TNF, TGFb, and CCL3/MIP-1a and CXCL2/
MIP2 BAL concentrations [54].

IL-17 Anti-IL17 monoclonal antibody Reduction in BAL neutrophils, lymphocytes, and
macrophages in silica-exposed mice [40].

Tacrolimus Calcineurin inhibitor, inhibits T-lymphocytic signal
transduction and gene transcription for the cytokines IL-2,
IL-3, IL-4, IL-5, GM-CSF, and TNF

In-vitro study demonstrated tacrolimus reduced silica-induced
cell proliferation through modulation of the T-cell complex
and B-cell complex [55].

Prednisolone Multiple effector cells and cytokines Improvement in lung function and reduction in BAL
lymphocyte and total cell counts in humans [60].

BAL, bronchoalveolar lavage; CCL3, chemokine ligand 3; CXCL, chemokine CXC ligand-1; DLCO, diffusing lung capacity for carbon monoxide; IBD,
inflammatory bowel disease; IL, interleukin; IPF, idiopathic pulmonary fibrosis; NF-kB, nuclear-factor kappa light chain enhancer of activated B cells; NOS, nitric
oxide species; RA, rheumatoid arthritis; TGF, transforming growth factor; TNF, tumor necrosis factor.

Obstructive, occupational and environmental diseases
been conducted. The use of prednisolone in those
without alveolitis has not been adequately studied.
ALL PATHS LEAD TO FIBROSIS

Repeated inflammation leads to the recruitment of
inflammatory cells and the production of pro-
inflammatory and pro-fibrotic cytokines, including
IL-1b, IL-18, TNF, and TGFb. Proliferation of fibro-
blasts and induction of epithelial–mesenchymal
transition, whereby epithelial cells transition to a
mesenchymal phenotype, increase the deposition of
extracellular matrix containing collagen, fibronec-
tin, and proteoglycans [61] (Fig. 2).
ANTIFIBROTIC THERAPY

Oral antifibrotic drugs, including pirfenidone and
nintedanib, now form part of the standard of care in
other progressive fibrosing lung diseases [62]. There
is an ongoing clinical trial using nintedanib in
190 www.co-pulmonarymedicine.com
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patients with pneumoconiosis [63]. Other tyrosine
kinase inhibitors, including dasatinib and ponati-
nib, have demonstrated a reduction in lung inflam-
mation and fibrosis in mouse silicosis models
[64,65]. However, somewhat conflictingly, tyrosine
kinase inhibitors may activate the NLRP3 inflam-
masome, as demonstrated in in-vitro studies of
myeloid cells [66] (Table 3). This suggests further
research is required in this area.

Pirfenidone has antifibrotic (reduced collagen
synthesis and production of TGFb and PDGF), anti-
inflammatory (reduced TNF, IL-1, IL-6, and NLRP3
inflammasome activation), and antioxidant effects
(reduced the production of ROS) [70]. Several mouse
studies have demonstrated attenuation of silica-
induced inflammation and fibrosis using pirfeni-
done by inhibition of epithelial–mesenchymal tran-
sition via the NLRP3 inflammasome and JAK/STAT
pathways [71,72].

Anti-TGFb drugs have also been studied.
Relaxin, a hormone involved in the remodeling of
Volume 30 � Number 2 � March 2024
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Table 3. Compounds directed at the fibrotic response

Compound Target Evidence

Nintedanib Intracellular tyrosine kinase inhibitor that inhibits
activation of FGF-R, PDGF-R, VEGF-R

Ongoing clinical trial using nintedanib in patients with
pneumoconiosis [63]

Reduces lung function decline in IPF and PF-ILDs [67,68]

Dasatinib and
ponatinib

Tyrosine kinase inhibitor Reduction in granuloma formation and in TNF, IL-1b, and
TGFb, and collagen production, increase in M2
macrophages in silica-exposed mice [64,65].

Pirfenidone Reduces collagen synthesis and production of TGFb
and PDGF, reduces TNF, IL-1, IL-6, and NLRP3
activation, antioxidant

Attenuation of silica-induced inflammation and fibrosis using
pirfenidone by inhibition of epithelial --mesenchymal
transition via the NLRP3 inflammasome and JAK/STAT
pathways [70--72]

Relaxin RxFP1 receptor agonist educes TGFb production and
targets the NLRP3 inflammasome via caspase-1

Reduces TGFb and fibroblasts in vitro [73,74,69]

FGF-R, fibroblast growth factor receptor; IL, interleukin; JAK/STAT, janus kinases, signal transducer and activator of transcription proteins; NLRP3, nucleotide-
binding domain, leucine-rich-containing family, pyrin domain-containing-3; PDGF-R, platelet-derived growth factor receptor; TGF, transforming growth factor; TNF,
tumor necrosis factor; VEGF-R, vascular endothelial growth factor receptor.

Toward targeted treatments for silicosis Barnes et al.
the extracellular matrix of the female reproductive
tract to facilitate parturition, is also an antifibrotic,
by reducing TGFb production. In-vitro studies sug-
gest relaxin reduces fibrosis mediated by TGFb and
fibroblasts [73,74].
AUTOPHAGY

Autophagy is a process bywhich cells sequester intra-
cellular constituents that are delivered to lysosomes
for degradation and recycling of macromolecules
[75]. Uptake of silica particles by alveolar macro-
phages can alter autophagy responses, which has
been shown to play a role in silicosis [76

&

]. There is
also considerable cross-talk between pathways
involved in autophagy and cytokines. Autophagy is
modulated byAMP-activated protein kinase (AMPK).
The AMP-signaling pathway coordinates the induc-
tion of autophagy by inhibiting the mammalian
target of rapamycin (mTOR pathway). AMPK is also
a key player in fibrogenesis by regulating inflamma-
tory injury (via TGFb), activation, proliferation, and
migration of effector cells (myofibroblasts, mesen-
chymal cells), and reducing extracellular matrix pro-
duction [77]. There is emerging evidence that
nanoparticles (i.e. <100nm) also disrupt normal
autophagy processes, leading to lysosomal dysfunc-
tion and negative consequences. Artificial stone dust
contains a high concentration of ultrafine or nano-
silica particles, whichmay also contribute to silicosis
and other silica-associated diseases [78].
TARGETING AUTOPHAGY AND THE MTOR
PATHWAY

Several repurposed drugs targeting the mTOR path-
way have been studied inmurinemodels of silicosis,
1070-5287 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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including carvedilol, metformin, and hydroxychlor-
oquine [79,80] (Table 4).
OXIDATIVE STRESS

Silica stimulates the respiratory burst in phagocytic
cells, with a resultant increase in oxygen consump-
tion and ROS production. Crystalline silica is piezo-
electric, that is, it produces opposite electrical
charges on opposite sides of the physical structure
when force is applied [81,82]. This contributes to the
formation of ROS on the cleaved surface of silica
particles. The redox potential is even greater with
freshly fractured silica. Oxidative stress increases the
production of antioxidant enzymes, includingman-
ganese superoxide dismutase, glutathione peroxi-
dase, and inducible nitric oxide synthetase.
Oxidant production activates cell signaling path-
ways, including NLRP3 [83], MAP/ERK kinase and
ERK phosphorylation [81], and increases the expres-
sion NF-kB and AP-1-dependent cytokines. Serum
superoxide dismutase, malondialdehyde, and gluta-
thione are increased in those with silicosis [82,84].
ANTI-OXIDANT THERAPY

Accumulation of ROS and lipid peroxidation can
lead to ferroptosis, a novel type of programmed cell
death that occurs in silicosis. Ferroptosis is regulated
by glutathione, among other factors. It is also closely
linked to autophagy [85

&

]. Dihydroquercetin, a fla-
vonoid, demonstrated a reduction in silica-induced
inflammation in vitro and inmousemodels by inhib-
iting ferroptosis (Table 4).

N-acetylcysteine (NAC) is a tripeptide precursor
of glutathione and has postulated antioxidant
properties as a scavenger of ROS and inhibitor of
rved. www.co-pulmonarymedicine.com 191
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Table 4. Drugs directed at autophagy and oxidation

Drug Target Evidence

Carvedilol Nonselective a/b adrenoceptor blocker Reduced silica-induced increases in lung protein levels of protein
kinase B (P-AKT) and mTOR, and hydroxyproline [79]

Metformin Activates autophagy via the AMPK-mTOR
signaling pathway

Reduced collagen deposition and lung a-SMA concentration in
silica-exposed mice [86]

Hydroxychloroquine Blocks lysosomal membrane permeability Reduces activation of the NLRP3 inflammasome in silica-exposed
mice [80]

Dihydroquercetin Inhibits ferroptosis via a reduction in iron and
lipid peroxidation products and increased
glutathione

Reduction in inflammation in vitro and in silica-exposed mice.
Reduced fibrosis by modulating the PI3K/AKT/mTOR and TGFb/

Smad pathways in mice of liver fibrosis [85&,87]

NAC Glutathione precursor, ROS scavenger,
cyclo-oxygenase-2 inhibitor

Retrospective study of 70 silicosis patients treated with NAC and
tetrandine (a Chinese medicine-derived calcium antagonist)
found an improvement in exercise tolerance but not lung
function in the treated compared with the untreated group [89]

a-SMA, alpha smooth muscle actin; AMPK, adenosine monophosphate-activated protein kinase; MPO, myeloperoxidase; mTOR, mammalian target of rapamycin;
NAC, n-acetylcysteine; NLRP3: nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3; P-AKT, phosphorylated AKT; PI3K, plasma
membrane-associated lipid kinases; TGFb, transforming growth factor b.
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cyclo-oxygenase-2 and membrane lipid peroxida-
tion (Fig. 1). In other pulmonary fibrosis models,
NAC reduced pro-inflammatory cytokines, reduced
ROS and mitochondrial apoptosis signaling, and
reduced lung fibrosis [88]. Mouse models found a
reduction in inflammation and fibrosis (via a reduc-
tion in E-cadherin), and a reduction in MDA (an
indicator of antioxidant stress) [88]. A retrospective
study of 70 silicosis patients treated with combined
NAC and tetrandine (a Chinese medicine-derived
calcium antagonist) found an improvement in
6MWD but not in pulmonary function tests in
the treated group compared with the untreated
group [89]. However, the efficacy and safety of
NAC in other forms of pulmonary fibrosis (i.e.
IPF) are conflicting. The PANTHER-IPF study, which
examined NAC plus azathioprine plus prednisolone
compared with placebo, was stopped early because
of increasedmortality in the combination treatment
arm [90]. Post hoc analyses suggested that those
with short telomere length were more likely to
experience adverse events [91]. In contrast, those
with the rs3750920 TT genotype had a reduced risk
of disease progression with treatment, which led to
the PRECISIONS trial, which aims to treat this spe-
cific genotype with NAC [92]. Therefore, further
research into the efficacy and risk of NAC in patients
with silicosis is required.
CONCLUSION

Given all that we understand thus far about the
pathogenesis of silicosis and the variable success of
multiple therapies trialed mostly in vitro and in
mouse models, what is the best treatment for
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silicosis? The answer, frustratingly, is likely that there
is no silver bullet; silicosis is a complex disease, and
the answer might be that it requires a multimodal
approach. Unlike other diseases, down-regulation of
the immunesystemmaynotbeenoughbecause silica
particleswill remain in the lung parenchymaand can
exert damage via additional nonimmunological
pathways. It may be that a combination of silica
clearance treatments, such as whole lung lavage, in
combination with immunosuppression, antioxi-
dants, autophagy modulation, or other therapies is
the ideal approach.Which therapies for each of these
targets should be used? An immunosuppressant that
targets IL-1, IL-17, TNF, andTGF andhas anti-inflam-
matory and antifibrotic effects with the least chance
of unwanted side effects is likely to be most effica-
cious. There is considerable cross-talk between path-
ways; agents that modulate both inflammation,
fibrosis, autophagy, and ROS production are ideal.
What are the challenges to finding a cure?

Silicosis is a heterogeneous disease. The degree of
parenchymal involvement and risk of progression
vary considerably among patients. It can be difficult
to determine who will be rapidly progressive and in
whom treatment with potential for side effects may
bewarranted, versuswhowill be stable or only slowly
progressive following exposure cessation, and in
whom the risk of adverse events may not outweigh
the benefit. We, therefore, need more accurate
markers of disease progression. Furthermore, tradi-
tional markers of parenchymal lung disease, such as
lung function testing, may not accurately reflect the
degree of impairment in these patients.
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In addition, the potential adverse effects of the
therapies described are very relevant to the silicosis
cohort. Therapies that modulate macrophage phag-
ocytosis increase the risk of tuberculosis reactiva-
tion, a common comorbidity in the silicosis
population. Some immunosuppressants increase
the risk of autoimmunity, the risk of which is
already increased in the silicosis population. How
long should patients be treated for? Those now
diagnosed with silicosis tend to be much younger,
and long-term use of these treatments may increase
the risk of side effects. The potential efficacy of
many therapies has only thus far been studied in
the mouse models of silicosis, which do recapitulate
the disease seen in humans. There are many chal-
lenges in translating animal studies to the complex-
ity of humans. However, as the rate of accelerated
silicosis is rising, now is the time to push cautiously
forward with human trials of treatments for silicosis.
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23. López-Castejón G, Pelegrín P. Current status of inflammasome blockers as
anti-inflammatory drugs. Expert Opin Investig Drugs 2012; 21:995–1007.

24. Coll RC, Hill JR, Day CJ, et al. MCC950 directly targets the NLRP3 ATP-
hydrolysis motif for inflammasome inhibition. Nat Chem Biol 2019;
15:556–559.

25. Coll RC, Robertson AA, Chae JJ, et al. A small-molecule inhibitor of the
NLRP3 inflammasome for the treatment of inflammatory diseases. Nat Med
2015; 21:248–255.

26. Mangan MSJ, Olhava EJ, Roush WR, et al. Targeting the NLRP3 inflamma-
some in inflammatory diseases. Nat Rev Drug Discov 2018; 17:588–606.

27.
&&

Corcoran SE, Halai R, Cooper MA. Pharmacological inhibition of the Nod-like
receptor family pyrin domain containing 3 inflammasome with MCC950.
Pharmacol Rev 2021; 73:968.

Excellent review on the therapeutic possibilities of MCC950.
28. Soskind R, Abazia DT, Bridgeman MB. Updates on the treatment of gout,

including a review of updated treatment guidelines and use of small molecule
therapies for difficult-to-treat gout and gout flares. Expert Opin Pharmacother
2017; 18:1115–1125.

29. Rosli S, Kirby FJ, Lawlor KE, et al. Repurposing drugs targeting the P2X7
receptor to limit hyperinflammation and disease during influenza virus infec-
tion. Br J Pharmacol 2019; 176:3834–3844.

30. Li Z, Ji S, Jiang ML, et al. The regulation and modification of GSDMD signaling
in diseases. Front Immunol 2022; 13:893912.

31. Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of inflammation.
Science 2021; 374:1076–1080.

32. Hern�andez-Gea V, Ghiassi-Nejad Z, Rozenfeld R, et al. Autophagy releases
lipid that promotes fibrogenesis by activated hepatic stellate cells in mice and
in human tissues. Gastroenterology 2012; 142:938–946.

33. Tsuchiya K, Hosojima S, Hara H, et al. Gasdermin D mediates the maturation
and release of IL-1a downstream of inflammasomes. Cell Rep 2021;
34:108887.

34. Zhou B, Abbott DW. Gasdermin E permits interleukin-1 beta release in
distinct sublytic and pyroptotic phases. Cell Rep 2021; 35:108998.

35. Huppertz C, J€ager B, Wieczorek G, et al. The NLRP3 inflammasome pathway
is activated in sarcoidosis and involved in granuloma formation. Eur Respir J
2020; 55:1900119.

36. Docherty CA, Fernando AJ, Rosli S, et al. A novel dual NLRP1 and NLRP3
inflammasome inhibitor for the treatment of inflammatory diseases. Clin Transl
Immunol 2023; 12:e1455.

37. Hu JJ, Liu X, Xia S, et al. FDA-approved disulfiram inhibits pyroptosis by
blocking gasdermin D pore formation. Nat Immunol 2020; 21:736–745.

38. Wei Y, You Y, Zhang J, et al.Crystalline silica-inducedmacrophage pyroptosis
interacting with mitophagy contributes to pulmonary fibrosis via modulating
mitochondria homeostasis. J Hazard Mater 2023; 454:131562.

39.
&&

Adamcakova J, Mokra D. New insights into pathomechanisms and treatment
possibilities for lung silicosis. Int J Mol Sci 2021; 22:4162.

Excellent review in the pathology and possible targets in silicosis.
rved. www.co-pulmonarymedicine.com 193

r Health, Inc. All rights reserved.



Obstructive, occupational and environmental diseases
40. Song L,WengD,DaiW, et al. Th17 can regulate silica-induced lung inflammation
through an IL-1b-dependent mechanism. J Cell Mol Med 2014; 18:1773–1784.

41. Li X, Yan X, Wang Y, et al. NLRP3 inflammasome inhibition attenuates silica-
induced epithelial to mesenchymal transition (EMT) in human bronchial
epithelial cells. Exp Cell Res 2018; 362:489–497.

42. Chung Y, Chang SH, Martinez GJ, et al. Critical regulation of early Th17 cell
differentiation by interleukin-1 signaling. Immunity 2009; 30:576–587.

43. Zhang S, Fan Y, Qin L, et al. IL-1b augments TGF-b inducing epithelial-
mesenchymal transition of epithelial cells and associates with poor pulmonary
function improvement in neutrophilic asthmatics. Respir Res 2021; 22:216.

44. Doerner AM, Zuraw BL. TGF-beta1 induced epithelial to mesenchymal
transition (EMT) in human bronchial epithelial cells is enhanced by IL-1beta
but not abrogated by corticosteroids. Respir Res 2009; 10:100.

45. Guo J, Gu N, Chen J, et al. Neutralization of interleukin-1 beta attenuates
silica-induced lung inflammation and fibrosis in C57BL/6 mice. Arch Toxicol
2013; 87:1963–1973.

46. Srivastava KD, RomWN, Jagirdar J, et al.Crucial role of interleukin-1beta and
nitric oxide synthase in silica-induced inflammation and apoptosis in mice. Am
J Respir Crit Care Med 2002; 165:527–533.

47. Paul P, Damien V, Niki R, et al. Enhanced interleukin-18 expression in rodent
models of quartz induced fibrosis. Eur Respir J 2015; 46(Suppl 59):A4119.

48. Blanco-P�erez JJ, Blanco-Dorado S, Rodríguez-García J, et al. Serum levels of
inflammatory mediators as prognostic biomarker in silica exposed workers.
Sci Rep 2021; 11:13348.

49. Cavalli G, Fallanca F, Dinarello CA, et al. Treating pulmonary silicosis by
blocking interleukin 1. Am J Respir Crit Care Med 2015; 191:596–598.

50. Zhang H, Sui JN, Gao L, et al. Subcutaneous administration of infliximab-
attenuated silica-induced lung fibrosis. Int J Occup Med Environ Health 2018;
31:503–515.

51. Utz JP, Limper AH, Kalra S, et al. Etanercept for the treatment of stage II and III
progressive pulmonary sarcoidosis. Chest 2003; 124:177–185.

52. Arras M, Huaux F, Vink A, et al. Interleukin-9 reduces lung fibrosis and type 2
immune polarization induced by silica particles in a murine model. Am J Respir
Cell Mol Biol 2001; 24:368–375.

53. Sugimoto N, Suzukawa M, Nagase H, et al. IL-9 blockade suppresses silica-
induced lung inflammation and fibrosis in mice. Am J Respir Cell Mol Biol
2018; 60:232–243.

54. Ferreira TPT, Lima J, Farias-Filho FA, et al. Intranasal flunisolide suppresses
pathological alterations caused by silica particles in the lungs of mice. Front
Endocrinol (Lausanne) 2020; 11:388.

55. Eleftheriadis T, Pissas G, Zarogiannis S, et al.Crystalline silica activates the T-
cell and the B-cell antigen receptor complexes and induces T-cell and B-cell
proliferation. Autoimmunity 2019; 52:136–143.

56. Piguet PF, Vesin C, Grau GE, et al. Interleukin 1 receptor antagonist (IL-1ra)
prevents or cures pulmonary fibrosis elicited in mice by bleomycin or silica.
Cytokine 1993; 5:57–61.

57. Ramos-Casals M, Brito-Zerón P, Mu~noz S, et al. Autoimmune diseases
induced by TNF-targeted therapies: analysis of 233 cases. Medicine (Balti-
more) 2007; 86:242–251.

58. Soforo E, Baumgartner M, Francis L, et al. Induction of systemic lupus erythe-
matosus with tumor necrosis factor blockers. J Rheumatol 2010; 37:204.

59. Bayes HK, Ritchie ND, Evans TJ. Interleukin-17 is required for control of
chronic lung infection caused by Pseudomonas aeruginosa. Infect Immun
2016; 84:3507–3516.

60. Sharma SK, Pande JN, Verma K. Effect of prednisolone treatment in chronic
silicosis. Am Rev Respir Dis 1991; 143(Pt 1):814–821.

61. Sayan M, Mossman BT. The NLRP3 inflammasome in pathogenic particle and
fibre-associated lung inflammation and diseases. Part Fibre Toxicol 2016;
13:51.

62. Raghu G, Remy-Jardin M, Richeldi L, et al. Idiopathic pulmonary fibrosis (an
update) and progressive pulmonary fibrosis in adults: an official ATS/ERS/
JRS/ALAT Clinical Practice Guideline. Am J Respir Crit Care Med 2022; 205:
e18–e47.

63. TheNintedanib in Progressive Pneumoconiosis Study (NiPPS): a Collaborative
NSW Treatment Trial (NiPPs). ClinicalTrials.gov Identifier: NCT04161014.

64. Cruz FF, Horta LF, Maia Lde A, et al. Dasatinib reduces lung inflammation and
fibrosis in acute experimental silicosis. PLoS One 2016; 11:e0147005.

65. Qu Y, Zhang L, Kang Z, et al. Ponatinib ameliorates pulmonary fibrosis by
suppressing TGF-b1/Smad3 pathway. Pulm Pharmacol Ther 2015; 34:1–7.
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