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Abstract

Background
Silicosis is an irreversible occupational lung disease that involves complex cellular mechanisms
including inflammation, epithelial-mesenchymal transition (EMT), matrix remodelling, and fibrosis. Most
in vitro studies have used conventional 2D models, which fail to orchestrate tissue architecture. While
animal models have provided valuable information on silicosis pathogenesis, differences in anatomy and
respiratory characteristics limit their use. With rapid advancements in 3D culture technologies, it is
important to develop more physiologically relevant models to improve our understanding of silicosis.

Methods
THP-1-derived macrophages were exposed to silica nanoparticles, and their viability, cytotoxicity, and
inflammatory responses were assessed by MTT assay ,LDH assay, and real-time PCR. This silica
secretome was applied to alveolar and bronchial epithelial cells and fibroblasts established in 2D, 3D
spheroids, and transwell models either in mono- culture or co-cultures. Cellular viability, inflammatory
response, EMT, and extracellular matrix remodelling (ECM) were evaluated by CellTiter-Glo, real-time
PCR, and western blotting.

Results
Silica nanoparticles induced cytotoxicity and inflammation in macrophages. Silica secretome altered cell
viability and inflammatory response in 2D models of epithelial cells. Alveolar epithelial cells in 3D models
showed a partial EMT transition (hybrid), while alveolar epithelial-fibroblast 3D co-culture demonstrated
pronounced effects on viability, inflammation, and fibrotic remodeling compared to bronchial epithelial
cells. Transwell co-cultures further revealed epithelial cell type-dependent differences in fibroblast
activation.

Conclusion
These findings highlight the significance of multicellular 3D models in better reflecting key silicosis
mechanisms and support their potential use as a physiologically relevant platform for mechanistic
studies and therapeutic screening.

Introduction
Silicosis is a progressive and irreversible occupational lung disease caused by long-term exposure and
inhalation of respirable crystalline silica particles. Silica exposure initiates persistent pulmonary
inflammation, tissue scarring, dysregulation of the immune system, and matrix remodeling, which can

Page 3/26



ultimately lead to the development of silicotic nodules and progressive lung fibrosis (1–5). Silicosis is a
major global public health concern in both developed and developing countries (1, 6–10), with more than
230 million people estimated to be exposed to silica each year (11). Workers in industries such as
construction, mining, quarrying, foundry, sandblasting, and tunnelling are particularly impacted by this
health hazard (12).

Clinically, silicosis is broadly classified as: (i) acute – developing within a few months of intense silica
exposure, (ii) accelerated – within 5 to 20 years of high-level exposure, and (iii) chronic - after 15 to 20
years of low to moderate silica exposure (13). Once established, pulmonary fibrosis may continue to
progress even after exposure cessation. Currently, there is no effective treatment for silicosis. While oral
prednisolone improved lung function in a small cohort of patients with silicosis, they pose a risk for the
development of tuberculosis (14, 15). Drugs such as nintedanib and pirfenidone demonstrated anti-
fibrotic effects in idiopathic pulmonary fibrotic disease, offering promising potential for silicosis
research and treatment (16–19).

Alveolar macrophages (AMs), which act as the primary immune responder, play a vital role in silicosis
(13). They engulf silica particles, leading to reactive oxygen species (ROS) production and
inflammasome activation. Subsequently, they undergo apoptosis and release various factors essential
for inflammatory and fibrotic processes (20–22). These factors contribute to the recruitment of other
immune cells, leading to sustained inflammation, thereby damaging epithelial cells, fibroblasts, and other
cells in the environment (21). The persistent damage by silica leads to epithelial-mesenchymal transition
(EMT) and accelerates fibroblast activation and extracellular matrix (ECM) remodeling (21, 23). To better
understand the complex multicellular crosstalk involved in the progression of silicosis and test the
efficacy of anti-fibrotic drugs, an appropriate platform that more accurately reflects human
pathophysiology is vital.

Several studies, either in vitro or in vivo, or a combination of both, have been conducted to investigate the
effects of silica particles on pulmonary disease mechanisms and therapeutic evaluation. Animal models
such as mice and rats, and cell culture models consisting of alveolar and bronchial epithelial cells,
fibroblasts, and macrophages derived from both human and animal sources, are widely used to study
silica pathogenesis (23–28). While most studies have focused on either one or more cell types derived
from the above-mentioned sources to elucidate silica disease mechanisms, very few investigations have
been carried out to evaluate multicellular crosstalk among different cells involved in silicosis (29, 30).
Silicosis research in animal models is essential to simulate the inhalation route, assess lung function,
monitor dosing toxicity, and investigate mechanistic disease pathways. However, these models
inadequately reflect silicosis disease mechanisms observed in humans owing to differences in animal
gender, genetics, anatomy, respiratory parameters, and aerosol distribution (31–34).

While two-dimensional (2D) cell culture models have shed light on the pathogenesis of silicosis (35–37),
their limitations include poor representation of human physiological settings, variable patterns in cell
growth, morphology, and functions that hinder their ability to model silicosis progression and
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multicellular crosstalk (30, 38–41). Several three-dimensional (3D) cell culture models that closely mimic
the real tissue architecture, spatial arrangement, and behavior have emerged, enabling researchers to
bridge the gap between the conventional 2D and animal models (42–44). Notable advancements and
diverse engineering techniques have allowed researchers to select the 3D model that best fits their
scientific question and have gained popularity to evaluate silica-induced disease conditions (32, 40, 42).

In this study, we investigate the macrophage-epithelial-fibroblast crosstalk in silicosis using
complementary human cell culture platforms that differ in cellular composition and spatial organization.
We previously established a 3D spheroid model to demonstrate its effectiveness in understanding
cellular mechanisms underpinning treatment resistance in pleural mesothelioma (45, 46). We utilized 2D
and 3D spheroid systems incorporating human alveolar (A549) and bronchial (BEAS-2B) epithelial cells,
together with human lung fibroblasts (MRC5), to examine the effects of macrophage-mediated signaling
following silica exposure. These preclinical models were exposed to silica-challenged THP-1-derived
macrophage secretome to evaluate the impact of immune cell-driven signaling on cell viability,
inflammation, EMT phenotype, and ECM remodeling to determine how multicellular interactions and
spatial distribution influence silica-induced phenotypes. This study provides insights into macrophage-
mediated signaling and multicellular crosstalk in silicosis pathogenesis and highlights the importance of
model architecture when developing human-relevant platforms for mechanistic investigation and
therapeutic screening.

Materials and Methods

Cell Culture
Human lung adenocarcinoma epithelial cell line A549 (ATCC, USA) and human embryonic lung fibroblast
cell line MRC5 (ATCC, USA) were cultured in RPMI 1640 media (Thermo Fisher Scientific, #11875093)
supplemented with 10% fetal bovine serum (FBS) (Bovogen, #SFBS). The human monocyte cell line THP-
1 (Tohoku Hospital Pediatrics) purchased from ATCC was cultured in RPMI 1640 with 10% FCS and 0.05
mM β-mercaptoethanol (Gibco, #21985023). THP-1 cells were differentiated to macrophages by treating
with 50 µg /ml PMA (Sigma Aldrich, #P8139) and β-mercaptoethanol for 72 h. Human bronchial
epithelial cells BEAS-2B (ATCC, USA) were grown in Bronchial Epithelial Cell Growth Medium (Lonza
Bioscience, #CC-3170) in tissue culture flasks pre-coated with 10 µg/mL BSA (Sigma Aldrich, #A8806)
and 30 µg /mL type I bovine collagen (Sigma Aldrich, #804592) overnight, as per the recommendations
of ATCC. All cells were maintained in a 5% CO2 incubator at 37°C.

Silica treatment of macrophages
11 nm (Sigma Aldrich, #381276) and 500 nm (Sigma Aldrich, #805890) sized silica particles
commercially purchased were suspended in MilliQ water to a final concentration of 10 mg/mL and
stored at 4°C. 5 x 105 THP-1 monocytes were plated in each well of a 6-well tissue culture plate to
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differentiate into macrophages and treated with 11 nm silica particles (6.25 µg/cm2) in 2 mL of RPMI
media with no β-mercaptoethanol for 96 h. The cell culture supernatant, hereafter referred to as
conditioned media (CM), was collected, centrifuged at 2000 x g for 10 min, transferred to a fresh tube,
and stored at -80°C until further use. For control CM, differentiated macrophages were replaced with
normal growth medium, with no β-mercaptoethanol.

MTT and LDH assay
Macrophages were plated in a 96-well tissue culture plate and treated with 11nm and 500nm silica (6.25
and 12.5 µg/cm2) from 24 to 96 h. Cell viability for each time point was determined by MTT assay by
adding 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide solution (Invitrogen, #M6494) to a
final concentration of 5 µg /mL and incubated for 2 h in a 37°C incubator. Next, the media was removed,
50 µL DMSO was added to each well to solubilise the formazan crystals, and the absorbance was
measured at 540 nm. Cytotoxic effects of silica, determined by the release of lactate dehydrogenase
(LDH), were measured by LDH assay (Abcam, #ab6593) as per the manufacturer’s instructions. The
untreated cells were lysed to measure maximal LDH release, serving as the positive control.

2D cell culture

For 2D models, A549 and BEAS-2B epithelial cells were plated in 6-well plates at densities of 1  105

and 2  104 for the Day 3 and Day 7 time points in 2 mL of corresponding cell culture medium,
respectively.

3D monoculture and co-culture spheroids

For monoculture spheroids, 2500 epithelial cells were plated in 100 µl of corresponding cell culture
medium per well in an ultra-low attachment (ULA) 96-well round-bottom plate (Costar, #7007). For co-
culture spheroids, epithelial cells and fibroblasts were seeded in each well at a density of 2500 cells/100
µL in a 2:1 ratio. The plate was centrifuged at 300 × g for 15 min and placed in a 5% CO2 incubator at
37°C for 3 days to allow spheroid formation. The spheroids were imaged in a phase contrast microscope
from Leica Microsystems (DMi 1) with a 10X objective. Images were captured at 72 h after plating (Day
0), and 3 and 7 days post silica CM exposure, and the spheroid diameter was measured by ImageJ
software.

Transwell culture
The fibroblasts were seeded into the lower chamber of the 6-well or 12-well plate in RPMI media and
placed at 37°C overnight. Transwell inserts with a 0.4 µm pore size (polyester membrane, Costar #3450
or #3460) were hydrated with the corresponding cell culture media for 1 h at 37°C, followed by coating
with 10 µg/mL BSA and 30 µg /mL type I bovine collagen for 1 h at 37°C. Next, the epithelial cells were

×

×
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seeded onto the transwell inserts. The next day, the transwell inserts seeded with epithelial cells were
assembled with fibroblasts, followed by CM treatment.

Conditioned media treatment
All the models were treated with control and silica CM in a 1:1 ratio with appropriate cell culture media.
For the Day 7 time point, the media was replenished with fresh CM after 3 days of initial treatment. Cells
were harvested on Day 3 and Day 7 post-treatment, respectively.

Viability assay
The viability of cells after CM treatment across all cell culture models was determined by ATP
quantification, which indicates the availability of metabolically active cells. For 2D and transwell cultures,
the CellTiter-Glo® 2.0 Assay (Promega, #G9241) and for 3D spheroids mono- and co-cultures, the
CellTiter-Glo® 3D Cell Viability Assay (Promega, #G9681) was used following the manufacturer’s
protocol. The luminescence was measured in a FLUOstar Omega microplate reader (BMG LabTech,
Germany), and viability was determined as a percentage (%) intensity relative to the control.

RNA isolation and cDNA preparation
RNA isolation from the harvested cells was performed using the Total RNA purification kit (Norgen
Biotek Corp, #SKU 17250) as per the manufacturer’s protocol and quantified using the Nanodrop
spectrophotometer (Thermofisher Scientific). An equal amount of RNA was reverse transcribed using
the iScript™ cDNA synthesis kit (BioRad, #1708891) with the following thermal cycler conditions: 5 min
at 25°C, 20 min at 46°C, and 1 min at 95°C. The cDNA was stored at -20°C until further use.

Real-time PCR
Real-time PCR was performed using KAPA SYBR® FAST kit (Sigma-Aldrich, #KK4618) in a ViiA7 Real-
Time PCR System (Applied Biosystems) with the following thermal conditions: 95°C for 10 min, 95°C for
15 s, 60°C for 20 s. Normalization of each gene expression was relative to the housekeeping gene (β-
actin), and fold change was calculated relative to the control using the double-delta Ct method. Gene-

specific primers were purchased from Integrated DNA Technologies or Sigma-Aldrich.

Western blot
Cell lysates were prepared using Pierce™ RIPA buffer (Thermo Scientific, #89901) supplemented with
protease (Sigma-Aldrich, #11836170001) and phosphatase (Sigma-Aldrich, #4906845001) inhibitor
cocktails. Protein estimation was performed using Pierce™ BCA Protein Assay Kit (ThermoFisher
Scientific, #23225). Equal amounts of protein were mixed with 6 x gel loading buffer and denatured at
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100°C for 5 min. The proteins were loaded onto an appropriate percentage of SDS-PAGE and
electrophoresed at 80 to 90 V for 1.5 to 2 h in 1 X SDS-PAGE running buffer and transferred to a PVDF
(polyvinylidene fluoride) membrane for 2 h at 100 V, 4°C. Blocking of the PVDF membrane was
performed in 5% BSA (bovine serum albumin) solution prepared in 1 x TBST (Tris-buffered saline, 0.1%
Tween 20) for 1 h and incubated with the appropriate primary antibody (1:2000 dilution) at 4°C overnight.
The following day, the membrane was washed thrice with 1 X TBST (5 minutes each), incubated with the
corresponding secondary antibody (1:10,000 dilution) for 1 h at room temperature, washed thrice with 1
X TBST (5 minutes each), and imaged in a Bio-Rad ChemiDoc™ MP imaging system. The intensity of the
bands was quantified using ImageJ software. A list of antibodies is available in Supplementary Table 1.

Statistical analysis
GraphPad Prism v10.6.1 was used for computing statistical analyses, and all data are presented as
mean ± SEM. For time course experiments involving multiple groups, two-way ANOVA was used,
followed by Dunnett’s multiple comparison test for post hoc pairwise analysis. The significance of two
independent groups was determined by a two-tailed unpaired Student’s t-test. A p-value less than 0.05 is
considered statistically significant. Significance of data is presented as * p < 0.05, ** p < 0.01, *** p < 
0.001, and **** p < 0.0001.

Results
1. Silica nanoparticles induce cytotoxicity and inflammation in macrophages

The toxic effects and immunogenic potential of silica nanoparticles (11 nm and 500 nm) were evaluated
in THP-1 cells. Cell viability, cytotoxicity, and expression profile of inflammatory cytokines were analyzed
over 96 h. Across all time points, silica treatment with both sizes did not affect cell viability, though 11
nm silica induced a minor reduction in cell viability in a dose- and time-dependent manner, as determined
by the MTT assay (Fig. 1B). The size-dependent disparity revealed the cytotoxic effects induced by silica
nanoparticles, as elucidated by the LDH release assay. 11 nm silica exhibited pronounced cytotoxic
effects compared to 500 nm in a time- and dose-dependent manner (Fig. 1C). To further investigate the
mechanistic impact of the macrophage-derived silica CM, on epithelial and fibroblast cells, a sub-toxic
dose (6.25 µg/cm2) of 11 nm silica for 96 h exposure on macrophages was chosen for further
experiments. Exposure to 11 nm silica particles for 96 h triggered an inflammatory profile in THP-1 cells
relative to control. Real-time PCR (Fig. 1D) showed elevated levels of pro-inflammatory cytokines,
including TNF-α, IL-6, IL-1β, and TGF-β, and IL-8 chemokine.

2. Silica-challenged macrophage secretome alters cell viability and inflammation in a 2D model of
A549 and BEAS-2B cells

The effects of silica CM on alveolar epithelial (A549) and bronchial epithelial (BEAS-2B) cells were
assessed when cultured in conventional 2D cell culture models. A cell viability assay determined silica-
induced toxicity. Exposure to silica CM significantly reduced A549 cell viability on Day 3, with partial
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recovery on Day 7 (Fig. 2B). BEAS-2B cells showed a contrasting response, with no change in cell
viability on Day 3 (Fig. 2C) and a mild increase on Day 7 in response to CM.

The inflammatory response to CM was determined by measuring IL-6 mRNA levels. When exposed to
silica CM, A549 cells exhibited elevated inflammation on Day 3 that continued to increase until Day 7
(Fig. 2D), demonstrating both acute and chronic inflammation. Although IL-6 spiked on Day 3 in BEAS-2B
(Fig. 2E), its level dropped significantly on Day 7, indicating an acute inflammatory phase rather than a
chronic one. The mRNA profile of epithelial-mesenchymal transition (EMT) markers in A549 cells (Fig.
2F) exposed to silica CM demonstrates a reduction in the epithelial marker E-cadherin across both time
points, an increase in the mesenchymal markers N-cadherin and vimentin, as well as the EMT
transcription factor SNAI2, commonly known as SLUG, specifically on Day 7. When exposed to silica CM,
BEAS-2B cells show a drastic reduction in E-cadherin on Day 7, followed by suppressed N-cadherin and
SLUG, while exhibiting elevated vimentin on Day 7 (Fig. 2G).

Unlike the mRNA expression profile, the changes at the protein levels were subtle. Supplementary Fig. 1
shows the protein expression profile (western blot and densitometry quantification) of EMT markers in
A549 (Supplementary Fig. 1A and 1B) and BEAS-2B cells (Supplementary Fig. 1C and 1D) when
exposed to silica CM in 2D models.

3. Silica induces an EMT phenotype in the 3D spheroids of A549

The effects of silica CM on A549 and BEAS-2B cells cultured in 3D spheroids were assessed. When
treated with silica CM, 3D spheroids of A549 (Fig. 3B) showed a progressive decline in cell viability from
Day 3 to Day 7. In BEAS-2B cells (Fig. 3C), there was an elevation of viability on Day 3, followed by a
slight decrease, with almost 90% of the cells being viable on Day 7. In both A549 (Fig. 3D) and BEAS-2B
(Fig. 3E), there was a marked upregulation of IL-6 on both Day 3 and Day 7, while it was statistically
significant on Day 7 compared to the control. This elevation was relatively higher in the 3D spheroids of
A549 compared to BEAS-2B cells. To determine if silica exposure drives a pro-fibrotic phenotype in the
epithelial cells, EMT markers were assessed both at mRNA and protein expression levels. In A549 3D
spheroids (Fig. 3F), E-cadherin was elevated on both Day 3 and Day 7. Simultaneously, the mesenchymal
markers, N-cadherin and vimentin, and the transcription factor SNAI2 were all upregulated at both time
points, suggesting a partial or hybrid EMT phenotype. Protein expression levels of EMT markers
assessed by Western blot (Fig. 3H) and subsequent densitometry analysis (Fig. 3I) revealed a significant
elevation of vimentin on Day 7 of silica-exposed A549 cells compared to control cells. Similar to A549,
3D spheroids of BEAS-2B (Fig. 3G) showed high mRNA expression of E-cadherin, N-cadherin, vimentin,
and SNAI2 when exposed to silica CM for 7 days, whereas their protein levels (Fig. 3J and 3K) were
unchanged. The 3D spheroids at each time point were imaged to measure their size. There were no
significant changes in the spheroid sizes of both A549 and BEAS-2B except for a mild reduction at Day 7
in silica CM-exposed spheroids of both epithelial cells, as shown in Supplementary Fig. 2A and 2B.

4. A549 3D co-culture model shows a pronounced cytotoxic and inflammatory response to silica CM
compared to BEAS-2B
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Following the 3D monoculture spheroid model, we next investigated the silica CM-induced differential
profile in A549 and BEAS-2B epithelial cells co-cultured with MRC5 fibroblasts. These 3D spheroids were
treated with silica CM, as in the 3D monoculture model. 3D co-cultures of A549 (Fig. 4B) showed a
marked decline in cell viability from Day 3 to Day 7, whereas BEAS-2B co-cultures (Fig. 4C) remained
slightly higher than the control. A robust increase in inflammatory response, characterized by elevated
levels of IL-6, IL-8, and IL-1β, was observed in 3D co-cultures of A549 during both acute and chronic CM
exposure (Fig. 4D). IL-6 levels increased in BEAS-2B 3D co-cultures, with a significant elevation on Day 7,
although this level was lower than in A549 (Fig. 4E). While E-cadherin, N-cadherin, and SNAI2 showed
modest upregulation in A549 3D co-cultures during chronic exposure to silica CM, the mesenchymal
marker vimentin was significantly elevated (Fig. 4F). Similarly, BEAS-2B co-cultures showed a non-
significant trend towards EMT during chronic exposure, though not statistically significant (Fig. 4G).
Protein expression levels of EMT markers were comparable to control in both A549 and BEAS-2B 3D co-
culture models, as shown in Supplementary Fig. 3.

5. Fibrotic remodeling is enhanced in A549 3D co-culture model upon silica CM exposure

Subsequently, both epithelial 3D co-culture models were assessed for fibrogenesis and tissue
remodeling upon exposure to silica CM. A marked upregulation of TGF-β was observed in the A549 3D
co-culture model (Fig. 5A). The mRNA expression levels of fibronectin, MMP2, and TIMP2 continued to
increase from Day 3 to Day 7. While collagen III, α-SMA, and PDGF-β levels had an upward trend with
silica CM exposure, their levels remained relatively similar at both time points. In 3D co-cultures of BEAS-
2B, the levels of TGF-β, collagen III, and fibronectin showed an increasing trend during chronic exposure
to silica CM, which did not attain statistical significance (Fig. 5D). While MMP2 and TIMP2 levels were
similar to control levels, α-SMA decreased from Day 3 to Day 7. Western blot analysis revealed a trend in
elevation of Fibroblast activation protein (FAP) in A549 3D co-cultures during chronic exposure to silica
CM (Fig. 5B and 5C). On the other hand, in BEAS-2B 3D co-cultures, while the protein expression levels of
FAP were unaltered, there was a significant upregulation of fibronectin levels (Fig. 5E and 5F). As shown
in Supplementary Fig. 2C and 2D, respectively, images of 3D spheroids of A549-MRC5 showed a mild,
non-significant reduction in their size compared to BEAS-2B-MRC5 during silica CM exposure.

6. Silica CM induces an inflammatory response in both epithelial and fibroblast transwell co-cultures

A transwell co-culture model that facilitates paracrine signaling was established to assess the effects of
silica nanoparticles on the epithelial and fibroblast cells. The epithelial cells (A549 or BEAS-2B) were
plated on the apical membrane of the insert, and the fibroblasts on the basal chamber of the transwell
setup. Silica exposure caused distinct cell-specific responses in viability. A549 cells showed a reduction
in cell viability during acute exposure that mostly recovered by Day 7. The MRC5 fibroblasts co-cultured
with A549 showed stable cell viability on Day 3, with a proliferative trend on Day 7 (Fig. 6B). BEAS-2B
(apical) showed no significant changes in viability, while its paired MRC5 (basal) had a proliferative trend
(Fig. 6C). A significantly elevated and progressive inflammatory response was observed in A549 cells
during both acute and chronic exposure to silica CM (Fig. 6D). While BEAS-2B showed an elevation of IL-
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6 on Day 3, its levels resolved towards baseline by Day 7 (Fig. 6E). Paracrine signaling from the epithelial
cells and silica CM on the apical side induced a strong inflammatory response in the unexposed
fibroblasts in the basal compartment. MRC5 co-cultured with A549 demonstrated a significant elevation
of inflammatory factors such as IL-6, IL-8, and IL-1β during both acute and chronic exposure (Fig. 6F).
Similarly, MRC5 co-cultured with BEAS-2B showed robust inflammation during treatment with silica CM
on both Day 3 and Day 7 (Fig. 6G). While the inflammation was elevated in both the fibroblast – epithelial
co-culture models, their levels dropped by Day 7 in comparison to Day 3, albeit at elevated levels
compared to control. Both epithelial cells on the apical side were assessed for EMT. There was a non-
significant increase in mRNA levels of SNAI2 in both A549 (Supplementary Fig. 4A) and BEAS-2B
(Supplementary Fig. 4D) cells during acute exposure to silica CM, while the other mesenchymal markers
remained similar to control, shown in Supplementary Fig. 4. Similarly, a mild trend in the increase of N-
cadherin and vimentin protein levels was observed in BEAS-2B cells.

7. Fibrogenesis is promoted in fibroblasts co-cultured with both epithelial cells in a transwell model

Transcript levels of TGF-β, an upstream trigger of tissue remodeling, were quantified by real-time PCR in
the fibroblasts on the basal side of both epithelial cells after exposure to silica CM. Paracrine signaling
from both A549 and BEAS-2B cells induced TGF-β activation in fibroblasts during both acute and chronic
exposure (Fig. 7A and 7D). Transition of fibroblasts to myofibroblasts by paracrine stimulation was
assessed in fibroblast co-cultures. Western blotting and densitometry (Fig. 7B and 7C) analysis revealed
similar expression of α-SMA, with a slight increasing trend in FAP, and a non-significant trend in
increasing levels of fibronectin in MRC5 co-cultured with A549 that received silica CM treatment
compared to control. While the levels of FAP and α-SMA were similar to baseline in fibroblasts co-
cultured with BEAS-2B, there was a significant upregulation in fibronectin on Day 7 (Fig. 7E and 7F). As
shown in Supplementary Fig. 5, an elevation in the mRNA levels of fibronectin, MMP2, TIMP2, α-SMA,
and PDGF-β on Day 7 was observed in MRC5-A549 co-cultures, although they did not attain statistical
significance (Supplementary Fig. 5A). On the other hand, mRNA levels of fibrogenesis and matrix
remodeling markers were either significantly downregulated or similar to controls in MRC5-BEAS-2B co-
cultures (Supplementary Fig. 5B).

The summary of the overall experimental workflow is represented by the graphical image in Fig. 8.
Macrophages were challenged with silica for 96 h, and the obtained secretome is applied to epithelial
cells and fibroblasts cultured in 2D, 3D spheroids, and transwell systems. Mechanisms of silicosis
pathogenesis such as viability, inflammation, EMT, and fibrogenesis were captured during both the acute
phase (Day 3) and the chronic phase (Day 7). The image was created using Biorender software.

Figure 8. Graphical abstract of workflow summary

Summary of experimental workflow and parameters assessed across various in vitro models when
exposed to silica- challenged macrophage secretome. The image was created using Biorender
(https://www.biorender.com/).
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Discussion
Silica exposure induces a cascade of several cellular events that lead to irreversible and progressive lung
fibrosis. Owing to various limitations of 2D cell culture and animal models, it is important to transition to
3D models. To decipher disease manifestations among various cell types involved in silicosis and to test
the efficacy of therapeutics in our future studies, we incorporated macrophages, alveolar and bronchial
epithelial cells, and fibroblasts, leveraging the following cell culture models: 2D monolayers and 3D
spheroids for epithelial cells, 3D spheroids and transwells for epithelial-fibroblast co-cultures.

Silica particles initiate macrophage inflammation (30, 47). Our results show that even at low doses, silica
nanoparticles induce direct cellular damage and inflammation. The macrophage-derived silica CM was
used for downstream investigations to treat epithelial cells and fibroblasts to elucidate their effects on
cell viability, EMT phenotype, fibrogenesis, and tissue remodeling. The alveolar (A549) and bronchial
(BEAS-2B) epithelial cells exhibited distinct phenotypes upon treatment with macrophage-challenged
silica CM. 2D models of A549 cells showed reduced cell viability and progressive inflammation, whereas
BEAS-2B cell viability remained stable with resolved inflammation. Our results suggest that alveolar
epithelia are more permissive to cellular alterations than the bronchial epithelium when exposed to
silica-induced macrophage secretome enriched with inflammatory factors.

Damage to type II alveolar epithelial cells and their transition to EMT, causing accumulation of ECM,
contributes to lung fibrosis (48, 49). Investigations on 3D spheroids revealed a more pronounced
reduction in A549 viability and an inflammatory spike. The simultaneous increase in both epithelial and
mesenchymal markers captures the hybrid EMT state in A549, reflecting physiological relevance and cell
plasticity (50, 51). Like 2D, the viability of 3D spheroids of BEAS-2B was unaltered but exhibited both
acute and chronic inflammatory responses. The observed partial EMT trend was restricted to the
transcriptional level. Together, these data suggest that 3D architecture reflects physiological
observations during silica exposure. Silica is deposited in the alveolar pockets when inhaled, causing
damage to alveolar epithelial cells (52). The varied responses observed between alveolar and bronchial
epithelial cells in our study are in alignment, suggesting that alveolar regions are the primary injury sites
during silica exposure (53–55).

Silicosis pathogenesis is manifested by diverse cell types, and thus it is important to investigate the
disease mechanisms in multicellular models to promote better understanding of strategies to tackle
(56–58). Integrating epithelial cells and fibroblasts revealed differences in fibrogenic and matrix
remodeling processes dependent on epithelial cell type. A549-MRC5 3D spheroids showed pronounced
cytotoxicity, an inflammatory response, and partial EMT activation only at the transcriptional level. A
significant elevation of TGF-β, with a trend towards fibroblast activation due to long-term silica CM
exposure, was observed, in line with tissue remodeling processes (30, 59). On the other hand, BEAS-2B-
MRC5 spheroids maintained high cell survival, an inflammatory profile similar to that of their 3D
monocultures, minimal late-stage EMT activation and fibrogenesis, and a significant elevation in
fibronectin levels, suggesting ECM deposition. Collectively, the differential fibrotic response between the
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two epithelial cells co-cultured with fibroblasts implies variation in mechanisms specific to the epithelial
lineage (60, 61).

In the transwell co-culture model, the fibroblasts on the basal side of both epithelial cells exhibited a
similar high inflammatory profile and pro-fibrotic factors despite no direct contact with silica CM. This
suggests that epithelial cells on the apical side induce fibroblasts through paracrine signaling by
releasing pro-inflammatory factors when exposed to silica CM (43, 62). Epithelial cell-specific paracrine
signals differentially regulate fibroblast activation and matrix remodeling. Being tumorigenic, factors
from A549 promote fibroblast activation and transformation, while the signals from the normal bronchial
epithelial BEAS-2B promote matrix remodeling by fibronectin deposition. This phenomenon is enhanced
in the transwell model due to a higher density of fibroblasts compared to the 3D spheroids co-culture.

The method of spheroid generation – with or without scaffolds should be taken into consideration, as
they play an important role in cellular profile and sensitivity to drugs (63). Our scaffold-free 3D spheroids
demonstrate their utility for modeling multicellular inflammatory and fibrotic responses observed in
silicosis. Collectively, our findings demonstrate that increasing the complexity of preclinical models
reveals distinct cell survival, inflammatory, and fibrotic responses to silica-induced macrophage
signalling. While monoculture models capture acute silicosis processes, co-culture systems capture
epithelial-fibroblast crosstalk, supporting their utilization to reflect chronic mechanisms of silicosis
progression and future therapeutic evaluation.

Limitations
A key limitation of this investigation is the use of the lung adenocarcinoma A549 cell line to represent
alveolar epithelial cells (64). Limited availability, donor variability, and challenges associated with
maintaining primary human type II alveolar epithelial cells restrict their use in reproducible studies.
Although A549 cells originate from lung cancer, they share certain characteristics with alveolar epithelial
type II cells and are widely used to model the alveolar region (65, 66). Nevertheless, findings from A549
cells should be interpreted with consideration and may not fully recapitulate the behaviour of normal
human alveolar epithelium. The self-assembled 3D spheroid model provides a more spatially organized
cellular environment than a conventional 2D model and can better reflect tissue architecture. However,
prolonged culture can lead to the development of a hypoxic necrotic core; thus, cell density and
cultivation period should be optimized to minimize this effect. Future studies incorporating more
physiologically complex systems such as organoids, lung-on-chip, or perfused 3D models may improve
the physiological model. Overall, the choice of cell type and 3D architecture should be guided by the
research question and intended application of the model.

Conclusion
Our findings demonstrate that macrophage-derived silica secretome drives a series of cellular events
including inflammation, EMT-associated phenotype, and fibrotic responses that are distinct between
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alveolar and bronchial epithelial cells. Importantly, transition to 3D spheroid models reveals cellular
alterations that were poorly reflected in the conventional 2D systems, highlighting the influence of spatial
organisation and cellular context of the observed phenotypes. Collectively, these findings support the
use of multicellular 3D models to better investigate complex cellular crosstalk underlying silicosis.
Rather than viewing 3D models simply as an alternative to conventional 2D culture, our findings highlight
their potential to provide complementary information on disease-associated cellular responses and to
improve the physiological relevance of preclinical models. Therefore, these platforms may provide a
useful foundation to understand silicosis pathogenesis and also to evaluate and screen potential
therapeutics.
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Figure 1

Silica affects cell viability, toxicity, and inflammatory profile in macrophages

(A) Schematic workflow. (B) Cell viability of THP-1-derived macrophages, assessed by MTT assay at 24,
48, 72, and 96 h after exposure to 11 nm and 500 nm silica particles at concentrations of 6.25 µg/cm2

and 12.5 µg/cm2, respectively. (C) Cytotoxicity, determined by LDH release, at the same time points and
concentrations, relative to a positive control representing maximum cell lysis (100 %). (D) mRNA
expression of inflammatory and immunomodulatory cytokines in THP-1 cells after exposure to 11 nm
nanoparticles. Data are presented as the mean ± SEM (n = 5 to 6). *p < 0.05 and **p < 0.01 compared to
control groups.
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Figure 2

2D models of A549 and BEAS-2B show a differential profile upon exposure to silica CM

(A) Representation of workflow. Cell viability in a 2D model of (B) A549 and (C) BEAS-2B cells exposed to
silica CM relative to control groups. mRNA expression of pro-inflammatory cytokine levels in (D) A549
and (E) BEAS-2B cells. Analysis of EMT markers in (F) A549 and (G) BEAS-2B cells by real-time PCR.
Data represented as mean ± SEM (n = 3 to 6). *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 3

Silica CM induces an EMT phenotype in A549 3D spheroids

(A) Schematic representation of workflow. (B) A549 and (C) BEAS-2B cell viability of 3D spheroids upon
exposure to silica CM. IL-6 mRNA levels in (D) A549 and (E) BEAS-2B by real-time PCR. mRNA levels of
EMT markers in (F) A549 and (G) BEAS-2B cells. Protein expression and densitometry analysis of EMT
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markers for (H, I) A549 and (J, K) BEAS-2B cells, respectively. All data are represented as mean ± SEM (n
= 3 to 5). *p < 0.05, **p < 0.01.

Figure 4

Silica CM triggers an inflammatory response in 3D co-culture spheroids

Page 23/26



(A) Schematic workflow. Cell viability of (B) A549 and (C) BEAS-2B 3D spheroid during silica CM
exposure when co-cultured with MRC5 fibroblasts. mRNA levels of inflammatory markers in (D) A549
and (E) BEAS-2B 3D co-culture spheroids by real-time PCR. mRNA expression levels of EMT markers in
(F) A549 and (G) BEAS-2B 3D co-culture spheroids. Data represented as mean ± SEM (n = 3 to 6). *p <
0.05, **p < 0.01.

Figure 7
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Silica CM triggers fibrogenesis in MRC5 transwell co-cultures with epithelial cells

mRNA levels of TGF-β in (A) MRC5 (basal) - A549 and (D) MRC5 (basal) - BEAS-2B co-cultures. Protein
expression levels and their densitometry analysis of fibrogenesis and tissue remodeling markers in (B,
C) MRC5 (basal) - A549 and (E, F) MRC5 (basal) - BEAS-2B cells, respectively. All data are presented as
mean ± SEM (n = 4 to 6). *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 8

Graphical abstract of workflow summary
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