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A B S T R A C T

Occupational exposure to respirable crystalline silica (RCS) is a significant health concern associated with pul
monary and systemic diseases, mediated in part through lung macrophage toxicity. In this study, we employed an 
ex vivo indirect exposure model, to explore potential links between silica-induced macrophage toxicity and 
changes in innate and adaptive immune cell phenotypes, that may contribute to systemic effects of RCS. THP-1 
derived macrophages served as a macrophage model and were exposed to crystalline silica particles. Whole blood 
was subsequently exposed ex vivo to conditioned medium (CM) from these particle-exposed cells. We then 
characterized immune cell responses via soluble cytokine analysis and single cell profiling by mass cytometry. 
Two crystalline silica types were compared, Min-U-Sil 5 quartz (Minusil) and synthetic quartz (gQ), that differ in 
“nearly free silanols” (NFS)—functional groups linked to RCS pathogenicity. In one set of experiments, an im
mune stimulation cocktail was added during the last 4 h of exposure to observe potential Minusil-induced 
changes in cellular immune responses. The findings demonstrated that exposing whole blood to Minusil CM 
significantly elevated soluble pro-inflammatory cytokines levels. At the single cell level, Minusil CM exposure 
altered monocyte and dendritic cell subpopulation frequencies and increased frequencies of several lymphocyte 
populations with high expression of the early activation marker CD38. Following immune stimulation, two 
cytotoxic effector memory T cell subpopulations showed increased frequencies: one polyfunctional and one 
characterised by a high expression of CD161. This study provides novel data on immune cell profiles associated 
with ex vivo exposure to RCS.

1. Introduction

Crystalline silica is a major component of sand and rocks, with quartz 
being the most common polymorph found in nature (Uhrlandt, 2006; 
Atsdr, 2019). Respirable particles are defined as the mass fraction of 
inhaled particles that penetrate to the unciliated airways (Brown et al., 
2013), generally considered to be particles with a mass median aero
dynamic diameter (MMAD) of 4 μm or below (Jrc, 2002). Occupational 
exposure to respirable crystalline silica (RCS) can occur during various 
processes such as mining, sandblasting and ceramics production. More 
recent sources of exposure include processes such as denim sandblasting 

and artificial stone benchtop fabrication (Barnes et al., 2019).
Exposure to RCS is associated with lung diseases, including silicosis, 

fibrosis, and lung cancer (Hoy and Chambers, 2020), as well as an 
increased risk of systemic diseases such as cardiovascular disease 
(Miyata and Van Eeden, 2011; Gurzu et al., 2025). Additionally, RCS is 
one of the few environmental factors clearly associated to an increased 
risk of developing human autoimmune diseases such as systemic scle
rosis, rheumatoid arthritis, and systemic lupus erythematosus (Miller 
et al., 2012; Pollard, 2020; Fireman and Fireman Klein, 2024). Although 
occupational exposure to RCS has been reduced over the years, it con
tinues to pose a significant global health concern (Chen et al., 2022; 
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Delabre et al., 2023; Liu et al., 2023; Decos, 2024). Crystalline silica 
remains the primary cause of occupational respiratory diseases world
wide (Cullinan et al., 2017). Millions of workers are exposed to RCS due 
to emerging sources of exposure or insufficient preventative measures 
(Hoy and Chambers, 2020; Fazio et al., 2025). According to the Global 
Burden of Disease Study, silicosis was in 2017 responsible for over 10, 
000 deaths and more than 200,000 years of life lost (GBD, 2017). RCS 
exposure concentrations can vary by up to three to four orders of 
magnitude and may exceed occupational exposure limits in some in
dustries (Decos, 2024) and during specific operations (Ronsmans et al., 
2022). Current occupational exposure limits (OELs) for RCS, given as 
8-h time-weighted average, are generally around 0.05–0.1 mg/m3, 
whereas the low-risk and high-risk lung cancer risk estimates provided 
by the recent joint DECOS and Nordic Exposure Group report were 
0.00038 mg/m3 and 0.0363 mg/m3, respectively (Decos, 2024).

Inhaled RCS reaches deep into the lungs, where the particles are 
phagocytosed by alveolar macrophages, leading to phagolysosomal 
membrane destabilisation, inflammasome activation and cell death 
(Leung et al., 2012; Leinardi et al., 2020). RCS is cleared slowly from the 
lungs, inducing repeated cycles of phagocytosis followed by oxidative 
stress, inflammation, epithelial barrier damage and cell death 
(Vallyathan et al., 1988; Castranova, 1994; Leinardi et al., 2022). 
Chemical analysis of lung biopsies from silicosis patients using X-ray 
fluorescence revealed an average silica level of about 7000 ppm, 5- to 
10-fold higher than in tissue from patients with idiopathic pulmonary 
fibrosis (Fireman et al., 2021).

The cycle of particle phagocytosis and macrophage death results in 
prolonged lung inflammation (Pavan and Fubini, 2017; Pavan et al., 
2024) and may also trigger a systemic inflammatory response (Miyata 
and Van Eeden, 2011). Stressed and damaged macrophages release 
proinflammatory mediators and damage-associated molecular patterns 
(DAMPs) that elicit innate and adaptive immune responses, including 
presentation of self-antigens to lymphocytes (Pollard, 2020; Huang 
et al., 2021; Leinardi et al., 2022; Qin et al., 2024).

Although RCS particle toxicity has been much studied, there is a 
scarcity of data characterising potential changes in circulating immune 
cells that may link silica exposure to systemic disease risk. We hypoth
esize that RCS-induced macrophage toxicity and proinflammatory sig
nalling, may indirectly influence the activation and phenotypic 
characteristics of innate and adaptive peripheral immune cells.

In this study, we have exposed model macrophages to two types of 
α-quartz particles: the commercial quartz Min-U-Sil 5 (hereafter referred 
to as Minusil) and synthetic as grown quartz (gQ particles) (Pastero 
et al., 2016). Minusil is widely used as model particle for studies of 
crystalline silica induced toxicity. The two particle types exhibit 
different characteristics, as Minusil has fractured surfaces rich in reac
tive “nearly free silanols” (NFS), whereas the gQ particles have an 
unfractured, NFS-poor surface (Pavan et al., 2020, 2024). Fractured 
surfaces typically result from mechanical comminution of quartz rocks, 
a process common in various occupational settings, including mining, 
milling, cutting, sandblasting, and polishing (Donaldson and Borm, 
1998; Gobindlal et al., 2021). These fractured surfaces are highly reac
tive and, upon exposure to environmental moisture, form more stable 
silanol groups (i.e., –SiOH) (Bellomo et al., 2024). NFS are silanol groups 
arranged at a specific interatomic distance (approximately 4–6 Å) and 
are found on the surface of inflammogenic and fibrogenic quartz parti
cles obtained by fracturing, including Minusil (Pavan et al., 2020, 2024). 
In contrast, synthetic quartz crystals, characterized by smooth, unfrac
tured surfaces, exhibit significantly lower NFS content and were found 
to be non-inflammogenic (Pavan et al., 2020, 2024). The presence of 
NFS has been positively associated with membranolytic activity in 
model systems (Pavan et al., 2022, 2023), macrophage activation and 
pro-inflammatory responses (Leinardi et al., 2020, 2023), and adverse 
lung outcomes including acute and chronic inflammation, fibrosis, lung 
cancer, and autoimmune responses in vivo (Pavan et al., 2020, 2024). In 
a recent study, we showed a redistribution of Minusil to extrapulmonary 

sites during the first three days after which the level stabilised at slightly 
more that 50 % of deposited amount for a period up to 4 months 
(Leinardi et al., 2025). In contrast the NFS-poor gQ particles remained in 
the lung, likely reflecting Minusil-induced toxicity leading to impaired 
alveolar-capillary barrier integrity (Leinardi et al., 2025).

Whole blood from multiple healthy donors was exposed ex vivo to CM 
harvested from RCS-exposed macrophage-like cells. Whole blood was 
chosen as it represents a test matrix with high physiological relevance. 
We subsequently characterized changes in immune cell profiles using 
high-dimensional single-cell profiling by mass cytometry and multiplex 
cytokine profiling to assess the complexity of circulating immune cell 
subtypes and function. By employing this indirect exposure model, we 
provide new data on putative links between RCS-induced macrophage- 
like cell toxicity and modulation of innate and adaptive immune cells.

2. Materials and methods

2.1. Study design

THP-1 derived macrophage-like cells constitute a well-characterized 
human macrophage model widely used for studies of particle toxicity 
(Chanput et al., 2014; Ruijter et al., 2025). THP-1 derived 
macrophage-like cells were exposed for 24 h to two RCS particles 
differing in their surface characteristics (NFS). Cell viability and cyto
kine levels in the culture medium were measured. For the secondary 
exposure model, CM from the macrophage-like cells was collected and 
incubated with human whole blood in a 1:1 ratio for 24 and 48 h (Fig. 1). 
The CM consists of signalling molecules and DAMPs released from 
stressed and dying cells. Human whole blood was used as it represents a 
biological relevant exposure matrix suitable to determine immune re
sponses to cytokines and DAMPs. Two sets of experiments were per
formed. In the first one, whole blood soluble cytokines were 
characterised at 24 and 48 h, and single cell immune profiling was 
performed after 48 h of exposure. IL-1β was used as a positive control, 
mimicking inflammasome activation. In a second experimental setup, 
the blood cells were further stimulated with an immune stimulation 
cocktail, to assess functional changes after secondary exposure to 
Minusil particles.

2.2. Crystalline silica particles

Crystalline silica particles (Min-U-Sil®5 ground quartz) were from U. 
S. Silica Company [Berkeley Springs, WV, USA]. Synthetic, as-grown 
α-quartz (gQ) particles with a quasi-perfect crystal habit were syn
thesised at the “G. Scansetti Centre” (University of Torino, Italy) 
(Pastero et al., 2016; Leinardi et al., 2020). In contrast to Minusil par
ticles, the gQ particles have an unfractured surface and are devoid of 
NSF groups, which have been linked to cytotoxic and inflammatory re
sponses (Pavan et al., 2020). Main characteristics of the two quartz 
particles are summarized in Supplementary Table S1, based on deep 
characterization in previous studies (Leinardi et al., 2020; Skuland et al., 
2020a; Pavan et al., 2023) and characterisation of the Minusil particles 
to add missing data for the specific batch used. Minusil endotoxin con
tent was measured by the Pierce Chromogen Endotoxin Quant kit 
(LAL-method) and showed low level of contamination 0.01 EU/ml for 
Min-U-Sil (Skuland et al., 2020b). The gQ particles were not tested for 
endotoxin and we thus cannot not exclude some level of contamination, 
although the cytokine data show a very low pro-inflammatory activity of 
these particles.

2.3. THP-1 cell culture

THP-1 cells (human acute monocytic leukemia cell line) were ob
tained from the American Type Culture Collection [Manassas, VA, USA]. 
The cells were maintained at 37 ◦C (95 % room air, 5 % CO2) in cell 
culture media (RPMI-1640 Glutamax™ [Gibco, Thermo Fischer 
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Scientific, Waltham, MA, USA], supplemented with 1 mg/ml sodium 
pyruvate [Sigma-Aldrich, St. Louis, MO, USA], Hepes [Sigma-Aldrich, 
St. Louis, MO, USA], 0.09 % gentamicin [Gibco, Thermo Fischer Sci
entific, Waltham, MA, USA] and 10 % foetal calf serum [FCS; Biochrom, 
Berlin, Germany]) as previously described (Skuland et al., 2020a). For 
differentiation into macrophage-like cells, 1x106 THP-1 cells per well 
were seeded in a 6-well plate with phorbol 12-myristate 13-acetate 
(PMA, 32 nM) for 24 h. The cells were subsequently cultivated for 72 h 
in PMA-free cell culture medium until exposure. Cell morphology and 
attachment to culture wells was in each experiment assessed visually by 
light microscopy (Supplementary Fig. S1).

2.4. Exposure of THP-1 derived macrophage-like cells and generation of 
conditioned medium (CM)

Dose-response analysis for Minusil particles with concentrations 
ranging from 0 to 300 μg/ml was performed and cell viability was 
measured by the Alamar Blue assay (data not shown). A concentration of 
250 μg/ml was chosen for the further experiments to obtain a 30–50 % 
reduction of cell viability. A certain level of cell death was intended for 
the conditioned medium to present factors released from both live and 
dead cells. The same mass concentration of gQ particles were used. 
Uptake of Minusil and gQ particles in PMA-differentiated THP-1 
macrophage-like cells has been demonstrated in a previous study 
(Leinardi et al., 2020). The cells were treated with silica particles in cell 
culture media for 24 h. Immediately prior to exposure, particles were 
suspended in serum-free culture medium, and bath sonicated for 15 min 
before use. The controls were exposed to similar treated cell culture 
medium without particles. After exposure, cells and cell debris were 
removed by centrifugation (300×g for 10 min at 4 ◦C), followed by a 
second centrifugation (10,000×g for 10 min at 4 ◦C) to remove particles. 
This freshly prepared CM was used for secondary exposure of whole 
blood, and the remaining supernatant was frozen for later analysis of 
LDH and cytokine levels.

2.5. Exposure of whole blood to conditioned medium (CM)

Male and female blood donors, aged 32–56 years, were recruited 
among healthy employees at the Norwegian Institute of Public Health, 
none of whom had any known immune or allergic diseases. This study 
was approved by the Norwegian Regional Committees for Medical and 
Health Research Ethics, and all donors signed an informed consent (REK, 
ID No 99836). Venous blood (approximately 10 ml) was collected from 
the volunteers into a sodium-heparin BD Vacutainer tube and immedi
ately used for exposure to fresh macrophage CM.

2.5.1. Exposure of whole blood to CM
In the first of two sets of experiments, CM from control, Minusil and 

gQ exposed macrophage-like cells were incubated with whole blood at a 

1:1 ratio (800 μl of each) in 5 ml polypropylene tubes for 24 and 48 h at 
37 ◦C and 5 % CO2 on a roller set to a low speed of 0.5 rpm. A total of 10 
donors (5 Male/5 Female) were included. IL-1β (25 ng/ml in culture 
medium) was added to the whole blood at a 1:1 ratio in an additional 
experimental group to serve as a reference control for pro-inflammatory 
responses in the CyTOF analysis. IL-1β is secreted by macrophages 
exposed to crystalline silica particles and is considered a critical medi
ator of RCS-induced lung inflammation (Srivastava et al., 2002; Guo 
et al., 2013; Weng et al., 2015). Samples from the 48-h incubations were 
immediately processed for CyTOF analysis.

2.5.2. Exposure of whole blood to CM with an additional immune 
stimulation

To assess indirect effects of RCS on immune cell function, the second 
set of experiments included an immune stimulating cocktail. This 
experiment was performed only with Minusil particles, as these were the 
most potent. CM from unexposed (control) and Minusil exposed mac
rophages were incubated with whole blood for 48 h in a 1:1 ratio. For 
assessment of potential changes in cellular function, all samples were 
treated with a cocktail of immune stimulants during the final 4 h of the 
incubation period and then processed for CyTOF. The stimulation 
cocktail was designed to activate main innate and adaptive cell types 
and contain components relevant for viral and bacterial challenges (Poly 
(I:C), R848 and LPS) as well as primarily T cell activating PMA/Ion
omycin. Whole blood from a total of 12 donors were exposed in this 
experiment with immune stimulation cocktail. Eight donors (4M/4F) 
were incubated with a stimulation cocktail containing R848–0.131 μg/ 
ml; PMA - 0.008 μg/ml, Ionomycin - 0.667 μg/ml; LPS - 0.042 μg/ml; 
Poly I:C - 4.167 μg/ml (designated as “Low concentration”). An addi
tional 4 donors (2M/2F) were incubated with a cocktail that was twice 
the concentration of the original cocktail (designated as “High concen
tration”) (R848–0.262 μg/ml; PMA - 0.016 μg/ml; Ionomycin - 1.334 
μg/ml; LPS - 0.084 μg/ml; Poly I:C - 8.334 μg/ml to examine whether a 
stronger immune stimulation influenced the exposure-induced func
tional changes.

2.6. Cell viability and cytotoxicity measurements

As a measure of cell viability, macrophage metabolic activity was 
analysed by the Alamar Blue assay [Invitrogen by Thermo Fischer Sci
entific, Waltham, MA, USA], performed according to the manufacturer's 
instructions. Alamar blue solution was diluted 1:10 in serum-free cell 
culture medium and added to the cell culture at a volume of 1 ml per 
well. The cells were then incubated for 1 h at 37 ◦C at 5 % CO2 envi
ronment. After incubation, 100 μl of the supernatant was transferred to a 
96-well cell culture plate and fluorescence emission at 560/590 nm was 
measured using a CLARIOstar® plate reader [BMG LABTECH, Orten
berg, Germany]. Macrophage membrane integrity was measured in a 
lactate dehydrogenase (LDH) release assay. Measurements and 

Fig. 1. Study Design for the Secondary Exposure Model. THP-1 derived macrophage-like cells were exposed to crystalline silica (Minusil and gQ) for 24 h. The 
conditioned medium (CM) from this exposure was then used to incubate whole blood (WB) at a 1:1 ratio for 24 and 48 h. Soluble cytokines were analysed at 24 and 
48 h by Luminex or Elisa, whereas single cells were analysed after 48 h using CyTOF. Created in BioRender.com.
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calculations were performed according to the manufacturer's guidelines 
[Roche, Germany] using a TECAN Sunrise plate reader [Männedorf, 
Switzerland] at 490 nm. Cell number and viability for whole blood 
samples were measured by a Count and viability assay [Muse 
Count&Viability kit, MCH 100102] on a MUSE cell counter before and 
after incubation with the CM. There was no consistent difference be
tween treatments for the whole blood samples that showed mean % 
viability of >98 %, >90 % and >87 % at the 0-, 24- and 48-h timepoints, 
respectively. However, a reduction, especially of neutrophils, is ex
pected during the 48 h culture period and is reflected in the reduced 
percentage of neutrophils at 48 h (Supplemental Figs. 5 and 6). Viability 
and cytotoxicity data are presented as % difference from control and 
statistical difference was tested by non-parametric comparisons using 
Steel method.

2.7. Measurements of inflammation markers in culture medium and blood

Cytokines and chemokines were measured by multi-plex analysis 
(Bio-Techne Luminex Human Discovery Assay) on a Bio-Plex reader 
(Bio-Rad, United Kingdom) for detecting fluorescence intensities. 
Eighteen analytes were measured (1-plex: Myeloperoxidase (MPO), 17- 
plex: CCL2/MCP-1, CCL3, CCL4/MIP-1 beta, CXCL2, CXCL10, GM-CSF, 
IFN-alpha (IFN-α), IFN-gamma (IFN-γ), IL-1beta (IL-1β), IL-4, IL-6, IL-8/ 
CXCL8, IL-13, IL-17/IL-17A, IL-18, IL-23, TNF-alpha (TNFα)). All sam
ples from the same experiment were measured on the same 96-well plate 
to avoid plate-to-plate variability. Bio-Plex Manager 6.1 software (RRID:
SCR_014330, Bio-Rad, United Kingdom) was used to generate standard 
curves for determining concentrations of unknown samples. Total 
(latent and active) TGF- β1 concentrations were measured by ELISA 
(R&D Systems, USA), according to the manufacturer's instructions. For 
all statistical analyses of the Luminex measurements, the mean fluo
rescence intensity (MFI) values of soluble cytokines and chemokines 
were used and analysed with a linear mixed effect model with log [MFI] 
as outcome, donor and experiment as random effect and treatment as 
fixed effect. FDR adjusted p-values <0.1 were considered significant. In 
the summary tables for the unstimulated samples, cytokine concentra
tions are shown to facilitate comparisons of cytokine levels.

2.8. Immune cell profiling by mass cytometry (CyTOF)

CyTOF analysis was performed as previously reported (Sonnet et al., 
2020; Nygaard et al., 2021) with adaption to whole blood instead of 
peripheral blood mononuclear cell (PMBC) and the use of barcoding 
procedures to minimize variations within each experiment. During the 
last 4 h of incubation of the whole blood, Brefeldin A (BFA) was added to 
inhibit protein secretion, while IdU was added to label proliferating 
cells. After incubation, the cells were resuspended in Cell - ID Cisplatin 
[Standard Biotools] for viability staining. Cells were washed and lysed to 
remove red blood cells, using the Cytodelics whole blood processing kit 
[Cytodelics AB, Sweden].

A total of eight samples from 2 donors (4 treatment groups per 
donor) and an internal reference sample were used for each experiment, 
and the samples were barcoded using Cell-ID 20-Plex Pd Barcoding kit 
[Standard Biotools]. All the samples were pooled after barcoding, fol
lowed by Fc and eosinophil blocking using FcX block and Heparin salt. 
Cell staining was carried out using a panel consisting of 40 antibodies for 
both surface and intracellular markers (Supplementary Table S2). After 
staining, cells were fixed and treated with iridium containing inter
calator solution (Cell ID Intercalator Ir [Standard Biotools] and incu
bated overnight at 4 ◦C. The next day, cells were washed and 
resuspended in Maxpar water containing 10 % EQ4 four element cali
bration beads and the events acquired on Helios mass cytometer 
[Standard Biotools].

2.9. Analyses of CyTOF data

2.9.1. Data pre-processing
Raw FCS files were used for data pre-processing. To account for 

variability in instrument performance over time, the signals were first 
normalized using EQ4 calibration beads, which contain four elemental 
standards (Finck et al., 2013). Subsequently, the normalized files un
derwent quality control using the PeacoQC algorithm, which adeptly 
detects and filter out spurious and erroneous events (Emmaneel et al., 
2022). To further improve data integrity, we assessed the quality of each 
FCS files based on its Average Overlap Frequency (AOF) scores. Files 
with AOF scores exceeding three standard deviations above the mean of 
all runs were excluded from downstream analysis (Amir et al., 2018). 
The filtered files were then de-barcoded to segregate multiplexed events 
into respective samples. Automated gating was applied on the Event 
Length and the Gaussian parameters (Center, Offset, Residual, and 
Width) using CyTOFClean package. Following cleaning, live single cells 
were identified and gated using automated algorithms from the flow
Density package using Ir (DNA) and cisplatin channels.

2.9.2. Unsupervised analysis
Due to the high variability in signal intensities between experimental 

runs, batch normalization was deemed ineffective. To minimize noise 
and facilitate unsupervised analysis, the marker intensities within each 
file were categorized into either three levels (low = 0, medium = 0.5, 
high = 1) or two levels (low = 0 and high = 1). Automated gaussian 
gating was performed with manual supervision, ensuring consistency in 
gate boundaries within each run, and uniformity within each donor 
across runs. The categorized expression levels were used for the unsu
pervised clustering as described in Supplementary data. Cells were first 
classified into three main cell populations: T cells: defined as CD3- 
positive and negative for lineage specific markers of other major cell 
populations (CD66b, CD19, CD56). Specifically, T cells were charac
terized as CD3 = 1, CD19 = 0, CD56 < 1, CD66b = 0, and positive for at 
least one of CD4, CD8 or TCRgd (CD4 = 1 or CD8 > 0 or TCRgd = 1); B 
cells: identified as CD19-positive and negative for CD66b, CD3, and 
CD56 (CD19 = 1, CD3 = 0, CD56 < 1, CD66b = 0), with HLA-DR 
expression greater than zero (HLA-DR > 0) and “Other” cells: defined 
as cells that did not fall into the T or B cell categories.

Each of the three major cell populations were clustered into a pre
defined number of clusters; T cells: 10, 20, 30, 40, 50 and 60 clusters; B 
cells: 5, 10, 20, 30, 40 clusters; and other cells: 5, 10, 20, 30, 40 clusters. 
To ensure non-redundancy in statistical analyses, only unique clusters 
were analysed further. First all clusters from the smallest predefined 
number of clusters were defined as unique clusters, then a cluster was 
retained as a new unique cluster if it contained less than 95 % of the cells 
from any previously defined unique cluster. Subsequent analysis of 
clusters was conducted separately for stimulated and unstimulated 
samples. Clusters where all samples for a given stimulation contained 
less than 0.1 % of total cells were excluded from further analysis.

The proportion of cells in each unique cluster for each sample were 
compared between treatments using a paired Wilcoxon test, treating 
each donor as its own control. A significance level of p < 0.05 was used 
to identify differentially expressed clusters. To account for variability on 
sampling, all analyses were repeated using four randomly drawn sub
samples of 20000 cells. Only the cell clusters that were identified as 
significantly different in at least two of the four subsamples, in one or 
more of the treatment groups, were reported. These significant clusters 
were subjected to supervised gating assessment for validation as 
described below.

2.9.3. Manual gating procedure
Manual gating was done to support findings from the unsupervised 

analysis using the Cytobank platform (Beckman Coulter). For the 
manual procedure, live, CD45+ singlet cells obtained after the data 
preprocessing were used. The gating hierarchy used to identify major 
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cell populations is provided in the Supplementary section Fig. S3 for the 
unstimulated samples and in Fig. S3 for the samples with combined 
exposure to Minusil particles with immune stimulants. These immune 
cell populations were further gated according to the major markers 
characterizing the cell populations of interest in the unsupervised clus
tering. Paired Wilcoxon test was used to verify the significance of the 
manual gated clusters.

3. Results

3.1. Cell viability and cytokine release in response to particle exposure

The viability data confirmed that Minusil particles were markedly 
more toxic than gQ particles to macrophages (Supplementary Fig. S2). 
Cellular viability was measured by the Alamar Blue assay and showed an 
approximate 50 % reduction in cellular metabolic activity in the Minusil 
treated cells and no reduction by gQ. Moreover, membrane integrity was 
significantly reduced by Minusil (2.9-fold increase) and more moder
ately by gQ (1.7-fold increase) treatments as measured by fold increase 
in LDH leakage compared to controls.

The concentration of eighteen cytokines in the macrophage CM was 
subsequently measured by multiplex analysis. The anti-inflammatory 
cytokine TGFβ as well as IL-13, IL-17a and MPO were excluded due to 
low detection frequencies. Of the fifteen remaining markers, all but IFNγ 
were significantly increased in the Minusil treated samples compared to 
the controls (Fig. 2; Supplementary Table S3). Most of these cytokines 
are involved in the initiation of pro-inflammatory responses. Several 
cytokines were augmented also in the gQ exposed samples, and the in
creases in CCL4, IL-1β, TNFα and CXCL8 reached significance. All 
fourteen cytokines, except for IFNα, were significantly higher in culture 
medium from the Minusil treated samples compared to the gQ samples 
(Supplementary Table S3).

3.2. Soluble cytokines in whole blood exposed to macrophage CM

The first set of experiments was performed with exposure of whole 
blood to CM from particle exposed THP-1 derived macrophage-like cells. 
Soluble cytokines were measured after 24- and 48-h exposure to CM. 
Data for fourteen of the eighteen cytokines are presented 
(Supplementary Table S3), while IL-13, IL-17a, IFNγ and IFNα are not 
presented due to low detection frequencies. Of the fourteen cytokines, 
seven (IL-1β, IL-6, IL-18, IL-23, CCL2, CCL3, CXCL10) were significantly 

upregulated by Minusil at the 24-h time point of which two (CCL2 and 
IL-6) did not reach significance in the adjusted analysis. TGFβ was 
significantly reduced in Minusil group compared to control in the un
adjusted analysis. IL-1β, IL-6, IL-18, IL-23, CXCL10 were still signifi
cantly increased in the Minusil group at the 48-h timepoint, in addition 
to GM-CSF, but only the differences in IL-6, CXCL10 and IL-18 reached 
significance in the adjusted analysis. None of the cytokines were 
significantly different between the controls and the gQ exposed samples, 
whereas IL-18 levels were significantly higher in the Minusil compared 
to the gQ treated samples at both timepoints. Individual donor responses 
are shown in Fig. 3 for the cytokines that were significantly different in 
the Minusil compared to the control group at either 24 or 48 h (adjusted 
p < 0.1). For some of the cytokines (e.g. IL-18, CCL3) the majority of the 
donors showed increased levels in Minusil compared to control groups 
whereas for others (e.g. IL-6, CXCL10) the differences seem to be driven 
by a strong effect in a subgroup of the donors. Sex differences did not 
appear to explain the donor variability observed, but the potential effect 
of sex differences was not statistically tested due to the relatively low 
number of donors. Male and female donor identity is indicated in the 
graphs.

3.3. Differentially expressed cell clusters in whole blood after exposure to 
CM

To further characterise effects of exposure of whole blood to CM from 
particle exposed macrophages, we assessed changes in immune cell 
phenotypes by single cell mass cytometry using an antibody panel 
consisting of 40 surface and internal markers (Supplementary Table S2). 
Differentially expressed cell populations were identified by unsuper
vised clustering and subsequently confirmed by manual gating proced
ures (manual gating hierarchy in Supplementary Fig. S3). The 
frequencies of main cell populations for the different treatments are 
shown in Supplementary Fig. S5. No differences in frequencies of the 
main immune cell populations between exposures were observed. The 
data reveal a low percentage of neutrophiles compared to the compo
sition of fresh whole blood, reflecting a gradual loss of neutrophiles 
during the 48-h culture period. Unsupervised clustering identified nine 
main cell populations as differentially expressed compared to control 
when clusters with less than 0.1 % of total cells were excluded. Eight of 
the nine clusters were confirmed to be differentially expressed in one or 
more treatment groups by manual gating and are summarized in Table 1
with the defining phenotypic markers given for each cluster. Expression 

Fig. 2. Log Fold Change (FC) in cytokine concentrations in culture medium from particle-treated macrophages versus controls. Macrophages were exposed 
for 24 h to Minusil and gQ particles and concentrations of cytokines in the culture medium were measured. Mean log FC changes between control and particle 
exposed samples are shown, error bars = standard error.
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of all markers for each cluster are displayed in the marker plot in Sup
plementary Fig. S6.

Direct exposure of blood cells to IL-1β was included as a positive 
control for effects of inflammasome activation on immune cells. Five 
lymphocyte clusters and two monocyte/dendritic cell clusters were 
differentially expressed in the IL-1β exposed samples compared to con
trols (Table 1, Fig. 4).

All the B and T lymphocyte clusters (clusters 1–5) were significantly 
more frequent in the IL-1β treated cells compared to controls (Fig. 4). 
For clusters 1 and 2, CD38hi B and CD4 T cell subsets, respectively, a 
similar tendency was seen for the Minusil and gQ particle groups, but the 
differences did not reach significance or were not significant by both 
unsupervised and manual gating procedures (Table 1). The NK cell 
cluster (Cluster 6: CD38hi, CD56dim) was significantly increased in the 
Minusil treated cells compared to controls (Fig. 4), whereas two T-cell 
populations, cluster 3 (IL-10+ naïve CD4+ T cells) and cluster 4 (CD161+

effector memory CD8+ T cells) as well as a NKT cell population (cluster 
5: CD161+ NK-like T cells) were significantly differentially expressed in 
the IL-1β group only (Table 1, Fig. 4).

Among the myeloid cells, significantly decreased frequencies in the 
Minusil and IL-1β samples were seen for two clusters (clusters 7 and 8, 
Table 1 and Fig. 4). Cluster 7 resembles intermediate monocytes (CD14+

and CD16+) with expression of CD38 and several cytokines. A more 
modest, non-significant decrease in cluster 7 monocytes was seen for the 
gQ treated group.

Cluster 8 appeared to be a mix of non-classical monocytes and con
ventional dendritic cells (HLA-DR+, CD11c+, CD14lo, CD16lo + hi, 
CD123-, CD1c+/− ). Further specification of dendritic cell clusters was 
thus done by manual gating. Manual gated conventional dendritic cells 
(cDCs: HLA-DR+ CD11c+ CD14− ) showed reduced frequencies in the 
Minusil and IL-1β groups (Fig. 4). A significant difference between the 
Minusil and the gQ groups was observed for cDC2 cells (CD1c+) 
frequencies.

Interestingly, three of the lymphocyte clusters (1, 2 and 6) as well as 
the monocyte cluster (cluster 7) were characterised by a high expression 
of the early activation marker CD38.

3.4. Effects of Minusil CM on whole blood responses to immune 
stimulation

Circulating immune cells are mostly naïve or resting, so in a second 
set of experiments, an immune challenge was added to assess effects of 
Minusil CM on peripheral immune cell responses. gQ particles were not 
included in these experiments due to their lower potency in the first set 

Fig. 3. Cytokine concentrations in whole blood. Log-transformed cytokine mean fluorescence level (MFI) levels in whole blood after incubation with macrophage 
control and Minusil-conditioned medium for 24 or 48 h are shown for IL-1β, IL-18, IL-6, IL-23, CCL3 and CXCL10. Boxes show median, 25 and 75 percentiles. 
Connected dots represent individual donor levels. Red: females, Blue: males, n = 10. *adj. p < 0.1, **adj. p < 0.001, compared to control. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of experiments. An immune stimulating cocktail was added to the 
samples during the final 4 h of the 48-h incubation with CM. In parallel 
samples, soluble cytokine levels (Fig. 5; Supplementary Table S3) and 
single cell profiling (Table 2) of whole blood phenotypes and intracel
lular cytokines were analysed.

3.4.1. Soluble cytokines in stimulated whole blood exposed to Minusil CM
As expected, many of the soluble cytokines were secreted at a higher 

level in the immune stimulated versus the unstimulated samples 
(Supplementary Table S3). In the immune stimulated samples, the 
concentrations of six cytokines were higher in the Minusil CM samples 
than in the control samples (IL-1β, GM-CSF, CCL2, IL-18, CXCL8, 
CXCL10), of which CCL2, IL-18 and CXCL8 remained significant in the 
adjusted analysis. All donors showed significantly higher concentrations 
in the Minusil CM exposed samples compared to the control samples 
after immune stimulation of these three cytokines that are primarily 
produced by myeloid cells (Fig. 5). The use of two different concentra
tions of immune stimulation cocktail did not affect the direction of 
change (Fig. 5).

3.4.2. Differentially expressed cell clusters in stimulated whole blood cells 
exposed to Minusil CM

The frequencies of main cell populations for Minusil CM and control 
exposures in the immune stimulated samples are shown in Supplemen
tary Fig. S5. No differences between the Minusil CM and the control 
samples were observed. Unsupervised clustering defined seven distinct 

immune cell clusters as being differentially expressed between the 
control and Minusil CM treated samples, as detailed in Table 2. One B 
cell cluster, S1 (CD19+, CD27lo, IgDlo-hi, HLA-DR+, CXCR5+, CD38hi, 
CD69+) and five clusters of CD3+ T cells, namely S2 (CD4+, CCR7lo-hi, 
CD45RAlo-hi, CD27+, CD38hi), S3 (CD4+, CCR7+, CD45RA+, CD27+, 
CD69+, CD38hi, CD25lo-me, ICOS+, IL-4+)), S4 (CD8+, CCR7lo-me, 
CD45RAlo-hi, CD27+, CD161hi, CD69+), S5 (CD8+, CCR7lo, CD45RAlo-hi, 
CD27lo-me, CD69+ CD57lo + hi, CCL4+ TNFα+ and IFNγ+ fraction), and S6 
(CD8+, CCR7+, CD45RA+, CD27+, CD38hi) were significantly elevated 
in the Minusil CM samples. Finally, a small mixed IdU+ cell population 
(S7), was significantly reduced in the Minusil CM treated samples when 
compared to controls.

All the clusters identified as differentially expressed in the unsu
pervised analysis were corroborated by manual gating (see the manual 
gating hierarchy in Supplemental Fig. S3). The characterising pheno
typic markers for each cluster are shown in Table 2. Expression of all 
markers for the seven clusters are shown in the marker plot 
(Supplementary Fig. S7).

As observed in the unstimulated samples, B and T lymphocyte clus
ters (clusters S1-S3 and S6) characterised by high expression of CD38 
were differentially expressed (Fig. 6). The cells of the naïve/DN B-cell 
cluster also express the activation marker CD69 and the majority are 
positive for IL-4. Two CD38hi CD4 T-cell clusters were identified (clus
ters 2 and 3). Cluster 3 represents naïve CD4+ T cells expressing mod
erate to high levels of the T helper 2 (Th2) cell promoting cytokine IL-4, 
in addition to the activation markers CD38, ICOS and CD69. In addition, 
two CD8+ EM T-cell clusters were increased. One of these clusters (S4) 
had a high expression of CD161 and CD69. Most of the cells were pos
itive for CCL4 whereas a subpopulation also expressed TNFα. The high 
expression of CD161 suggests that this cluster may include CD8+ MAIT 
cells. The other CD8+ cluster (S5) consisted of CD161-negative poly
functional cells, a majority of which were positive for CCL4, IFNγ and 
TNFα in addition to CD69 and ICOS (Fig. 6).

In addition, a small population of a mixed IdU+ cell population (S7) 
were significantly reduced in the Minusil CM group when compared to 
controls (Table 2). Whether this population represents proliferating cells 
is somewhat uncertain as the cellular incorporation of IdU was modest.

Due to similarities of several of the differentially expressed CD38hi 

lymphocyte subpopulations, a comparison between unstimulated and 
stimulated samples was performed. This comparison shows that the 
CD38hi Naïve/DN B-cell and CD38hi CD4+ T-cell populations were 
significantly increased by Minusil CM in both stimulated and unstimu
lated samples (Supplementary Fig. S8). In addition, the CD38hi CD56dim 

NK population was found to be significantly increased in both condi
tions, whereas CD38hi CD8+ T-cell population was only induced in the 
Minusil CM samples in the immune-stimulated samples.

4. Discussion

Due to their low solubility, RCS cause persistent inflammation, a 
central factor in particle-induced lung and systemic disease (Poland 
et al., 2024). In a recent review (Leinardi et al., 2022), we describe 
potential consequences of silica-induced release of DAMPs from stressed 
and dying macrophages and propose mechanisms driving the progress of 
certain silica–related lung and autoimmune diseases. To bridge the ef
fects of RCS exposure with the risk of systemic diseases, we have char
acterised downstream effects of CM from particle exposed THP-1 
derived macrophage-like cells on blood cell phenotypes and their 
functional markers. We compared two types of α-quartz particles to 
elucidate the importance of particle surface characteristics as a pivotal 
factor for mediating downstream immunomodulatory responses.

The NFS-rich Minusil particles are shown to be markedly more toxic 
to macrophages compared to the synthetic NFS-poor gQ particles. This is 
evidenced by a stronger impairment of cell viability and a higher release 
of a range of cytokines and chemokines, including IL-1β, IL-4, IL-6, IL- 
18, TNFα, CCL2, CCL3, CXCL8 and CXCL10. Several studies have 

Table 1 
Differentially expressed immune cell clusters identified following expo
sure to macrophage conditioned medium (CM). Whole blood was exposed to 
CM (Control, Minusil or gQ) or to the reference control IL-1β for 48 h. Cell 
clusters that were differentially expressed compared to control were identified 
by unsupervised analysis and confirmed by manual gating. Only clusters 
confirmed by manual gating for one or more conditions are shown. Main 
markers used for defining the differentially expressed clusters are listed.

Cluster number 
Annotation

Defining cluster markers Minusil gQ IL- 
1β

1 
CD38hi 

Naïve/DN B cells

CD66b− , CD3− , CD19+, 
CD27lo, IgDlo-hi, CCR7lo-hi, 
CD38hi, CXCR5+, HLA-DR+, 
CD45RA+, CD69lo-hi

↑*a ns ↑*

2 
CD38hi 

CM/Naive CD4+ T 
cells

CD66b− , CD19− , CD3+, CD4+, 
CCR7+, CD45RAlo-hi, CD27hi, 
CD38hi

↑*a ↑* 
a

↑*

3 
IL-10+

Naive CD4+ T cells

CD66b− , CD19− , CD3+, CD4+, 
CCR7+, CD45RA+, CD27lo-hi, 
IL-10+

ns ns ↑**

4 
CD161+

EM CD8+ T cells

CD66b− , CD19− , CD3+, CD8+, 
CCR7lo-me, CD45RAlo-me, 
CD161+, CD27lo-hi, CD69+, 
CCL4lo-hi

ns ns ↑**

5 
CD161+
NKT cells

CD66b− , CD19− , CD3+, 
CD56+, CD8lo + hi, CCR7lo-me, 
CD45RAlo-me, CD161me-hi, 

CD69lo-hi

ns ns ↑*

6 
CD38hi 

CD56dim NK cells

CD66b− , CD19− , CD3− , 
CD56+, CD16+, CD161+, 
CD38hi

↑* ns ns

7 
CD38hi CD14+ CD16+

Intermediate 
Monocytes

CD66b− , CD19− , CD3− , HLA- 
DR+, CD11c+, CD14+, CD16+, 
CD123-, CD38hi, IL21+, 
CXCL8+, CCL2+, IFNα+

↓* ns ↓*

8 
DC and Non-classical 
Monocytes

CD66b− , CD19− , CD3− , HLA- 
DR+, CD11c+, CD16lo + hi, 
CD14lo, CD123-

↓** ns ↓*

↑ = significantly increased, and ↓ = significantly decreased cluster frequencies 
compared to the control group.
a significantly different in either unsupervised or manual gated population. Bold: 
significant both by unsupervised analysis and by manual gating. *p < 0.05; **p 
< 0.005, ns: non-significant.

E. Kummari et al.                                                                                                                                                                                                                               Environmental Research 292 (2026) 123661 

7 



Fig. 4. Frequencies of differentially expressed immune cell clusters. Comparison of cell frequencies between whole blood samples treated with CM from control, 
Minusil, gQ, and IL-1β samples. In the two upper panels, lymphocyte subpopulations are shown: B-cell (cluster 1; CD27lo, CD38hi, CXCR5+, HLA-DR+, CD45RA+), T- 
cell (clusters 2–5) and NK cell (cluster 6; CD56dim, CD16+, CD161+, CD38hi) clusters. In the lower panel, monocyte and dendritic cell subpopulations are shown: 
intermediate monocytes (cluster 7), non-classical monocytes and conventional dendritic cells (Mo/cDC1) and conventional CD1c+ dendritic cells (cDC2). The DC 
populations were manually gated. Connected dots represent individual donor frequencies. Red: females, Blue: males. a significant compared to control by either 
unsupervised or manual gating. *p < 0.05 and **p < 0.005, significant compared to control in both unsupervised and manual gated subpopulations. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Concentration of soluble chemokines in blood in immune stimulated samples. Log-transformed cytokine MFI levels [ in whole blood after 48-hr in
cubation with macrophage control and Minusil CM, and 4-h immune stimulation are shown. Boxes show median, 25 and 75 percentiles. Connected dots represent 
individual donor levels, n = 12. Filled symbols: low immune stimulant concentration, triangles for experiment 1 and circles for experiment 2; Open circles: high 
immunostimulant concentration (experiment 3). Red: females, Blue: Males. Significant differences compared to control are indicated by * adjusted p < 0.1, 
**adjusted p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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implicated the chemokines CCL2, CCL3, CXCL8 and CXCL10, as central 
for immune cell recruitment and activation as well as being associated 
with disease severity (Keane, 2008; Giordano et al., 2010; Ha et al., 

2017; Lee et al., 2017; Yang et al., 2023). Our findings aligne with 
previous reports indicating that Minusil exposure causes macrophage 
damage, NLRP3 inflammasome activation and subsequent release of 
pro-inflammatory markers (Cassel et al., 2008; Hornung et al., 2008; 
Leinardi et al., 2020), along with our own data showing that Minusil is 
far more potent than the gQ particles (Pavan et al., 2020, 2024; Leinardi 
et al., 2023).

Subsequent exposure of whole blood to CM from macrophages-like 
cells exposed to Minusil resulted in significant increased levels of the 
cytokines IL-1β, IL-6, IL-18, IL-23, CCL3 and CXCL10 relative to controls, 
following 24 and/or 48 h of exposure. In contrast, cells exposed to gQ 
CM showed no significant changes in cytokine levels. The highest fold 
change was observed in CXCL10, whereas the most statistically signifi
cant difference observed was a sustained increase of IL-18 across all 
donors with Minusil CM treated whole blood cells compared to controls. 
Increased concentrations of CXCL10 have been previously reported in 
sputum of patients with silicosis (Benmerzoug et al., 2018). The NLR 
family pyrin domain containing 3 (NLRP3) inflammasome and IL-1β has 
been implicated in silica induced silicosis in animal models (Srivastava 
et al., 2002; Cassel et al., 2008; Guo et al., 2013). Notably, elevated 
plasma levels of the NLRP3 inflammasome associated marker IL-18 has 
been reported in silicosis patients as well as in patients with autoim
mune diseases.

(Nadif et al., 2006; She et al., 2021; Ihim et al., 2022; Campos-Caro 
et al., 2023; Liu et al., 2024). Moreover, following a 4-h immune stim
ulation, an increase was detected in CCL2 and CXCL8, along with IL-18, 
in whole blood exposed to Minusil CM. Increased levels of CCL2 has 
been linked to pulmonary inflammation and fibrosis in rodents 
(Saarimäki et al., 2025). The cytokines profile induced in Minusil CM 
exposed blood cells mirrors those reported in patients with simple sili
cosis (Campos-Caro et al., 2023).

The current literature provides limited information on the pheno
typic changes in peripheral immune cell following exposure to micro- 

Table 2 
Differentially expressed cell clusters in immune stimulated blood cell after 
macrophage conditioned medium (CM). Whole blood was exposed for 48 h to 
CM from control or Minusil treated macrophages with an immune stimulation 
during the last 4 h. Differentially expressed cell clusters were identified by un
supervised analysis and confirmed by manual gating. Only clusters confirmed by 
manual gating are shown. Main markers used for defining the differentially 
expressed clusters are listed.

Cluster number 
Annotation

Defining cluster markers Minusil vs 
Ctrl

S1 
CD38hi 

Naïve/DN B cells

CD66b− , CD3− , CD19+, CD27lo, IgDlo-hi, 
HLA-DR+, CXCR5+, CD38hi, CD69+

↑*

S2 
CD38hi CD4+ T cells

CD66b− , CD19− , CD3+, CD4+, CCR7lo-hi, 
CD45RAlo-hi, CD27+, CD38hi

↑**

S3 
CD38hi 

Naïve CD4+ T cells

CD66b− , CD19− , CD3+, CD4+, CCR7+, 
CD45RA+, CD27+, CD69+, CD38hi, 
CD25lo-me, ICOS+, 
IL-4+

↑**

S4 
CD161hi 

EM CD8+ T cells

CD66b− , CD19− , CD3+, CD8, CCR7lo-me, 
CD45RAlo-hi, CD27+, CD161hi, CD69+

↑**

S5 
EM CD8+ T cells, 
polyfunctional

CD66b− , CD19− , CD3+, CD8+, CCR7lo, 
CD45RAlo-hi, CD27lo-me, CD69+, CD57lo +

hi, CCL4+, TNFα+, IFNγlo-hi

↑**

S6 
CD38hi 

Naïve CD8+ T cells

CD66b− , CD19− , CD3+, CD8+, CCR7+, 
CD45RA+, CD27+, CD38hi

↑**

S7 
IdU+ cells

IdU+ ↓**

↑ = increased and ↓ = decreased cluster frequency compared to the control 
group. *p < 0.05; **p < 0.005.

Fig. 6. Frequencies of differentially expressed cell clusters in whole blood cells exposed to Minusil and control CM followed by a 4-h immune stimulation. 
Comparison of cell frequencies of the lymphocyte clusters S1-S6 differing between the control and Minusil CM treated cells. S1, S2, S3 and S6 expressing high levels of 
CD38, S4 expressing high levels of CD161 and S5 being polyfunctional cells. Connected dots represent individual donor frequencies. Circles indicate samples with low 
concentrations of immune stimulation cocktail, and triangles indicate samples with high concentrations. Red: females, Blue: males. Significant differences are 
indicated by * p < 0.05, **p < 0.005. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sized crystalline silica. To characterise the immunomodulatory effects of 
indirect particle exposure at the single cell level, we employed mass 
cytometry (CyTOF) with a panel of 40 antibodies. This allowed for the 
simultaneous detection of major cell phenotype and functional markers, 
including surface activation proteins, intracellular cytokines, chemo
kines and proliferation markers. In the cells not exposed to an immune 
stimulation cocktail, the most significant effects of particle treatment 
were observed in innate cells subpopulations. Following a 48 h culture 
period, the frequency of classical monocytes (CD14+, CD16− ) in whole 
blood was generally low compared to nonclassical and intermediate 
monocyte populations, irrespective of treatment. A similar decline in 
classical monocytes during culture has been previously reported (Tran 
et al., 2019) and may be attributed to changes in CD14 and CD16 surface 
markers during extended culture. Whole blood treated with Minusil CM 
showed a reduction in intermediate-like monocytes (Cluster 7), whereas 
the gQ CM treated cells showed a lesser, non-significant, reduction. 
Manual gating of dendritic cell populations revealed reduced fre
quencies of conventional dendritic cells (cDC1 and cDC2) in the Minusil 
CM treated cells as compared to controls. In contrast, these dendritic cell 
populations were not reduced in the gQ CM treated cells. Consistent with 
the presence of more immature dendritic cells, indirect exposure to silica 
particles has been shown to down-regulate dendritic cells maturation 
markers including HLA-DR and CD80, thereby suppressing dendritic cell 
activity (Liu et al., 2019). Nevertheless, we cannot exclude the possi
bility that the observed reductions in monocyte and dendritic cell sub
populations may be caused by reduced cell survival and/or by cell loss 
due to e.g. increased adherence to the sides of the incubation tubes. It is 
known that activated monocytes and immature dendritic cells have a 
propensity to adhere to plastic surfaces (Delirezh et al., 2013).

IL-1β is recognised as a critical mediator of lung inflammation and 
fibrosis induced by crystalline silica exposure (Srivastava et al., 2002; 
Guo et al., 2013; Weng et al., 2015). In this study, IL-1β was added 
directly into whole blood samples as a positive control to facilitate the 
interpretation of the single cell data. Of note, the IL-1β concentration 
added to the blood cells (25 ng/ml) was much higher than the concen
trations measured in the whole blood samples in the present study 
following exposure to Minusil CM and higher than the levels reported in 
plasma from patients with silicosis, autoinflammatory and autoimmune 
diseases that are generally in the lower pg/ml range (Dinarello, 2011; 
Mende et al., 2018). Regarding adaptive cell, IL-1β significantly 
increased frequencies of several CD38hi B and T lymphocyte pop
ulations. Increases in CD38hi lymphocyte populations were also sug
gested for the particle exposed whole blood, although only the increase 
in the CD38hi CD56dim NK population reached statistical significance 
across both unsupervised and manual gating procedures. Importantly, a 
similar increase in CD38hi lymphocyte populations were observed in the 
Minusil CM exposed cells following the addition of an immune stimu
lation cocktail.

CD38 can function both as a receptor and as a central NAD+- 
consuming enzyme (Zeidler et al., 2022; Ghosh et al., 2023). Its upre
gulation is regarded as an early sign of immune cell activation and has 
been shown to play a critical role in inflammatory and autoimmune 
diseases (Pavón et al., 2013; Piedra-Quintero et al., 2020). Moreover, 
CD38 is known to modulate both the number and function of T cells (Li 
et al., 2022). Increased frequencies of CD38-positive CD4 T cells were 
reported in blood and in bronchoalveolar lavage fluid (BALF) of patients 
with newly diagnosed pulmonary sarcoidosis (Aleksonienė et al., 2021). 
Our findings thus suggest that RCS exposure, as well as IL-1β activity, 
induce early activation of naïve lymphocytes. To our knowledge, 
changes in CD38-positive lymphocytes due to occupational RCS expo
sure or in individuals with silicosis have not been previously reported.

Additionally, in blood cells treated with the immune stimulation 
cocktail, two effector memory (EM) cytotoxic T-cell populations (CD8+; 
Clusters S4 and S5) were identified as more frequent in the Minusil CM 
treated cells compared to controls. These two populations differed in the 
absence or presence of the C-type lectin-like receptor CD161. CD161 is 

expressed on subsets of T-cells including CD8+ T-cells and may have 
both a co-stimulatory and a co-inhibitory function (Ussher et al., 2014; 
Konduri et al., 2021). Cluster S4 may include innate-like mucosa
l-associated invariant T (MAIT) cells as these represent the majority of 
the CD161hi CD8+ T cell population in blood (Fergusson et al., 2014). 
MAIT cells have been proposed to play a role in the development and 
progression of autoimmune diseases (Fan et al., 2023). Unfortunately, 
our antibody panel did not include the typical marker TCR Vα7.2+
needed to properly identify MAIT cells. Manual gating of CD8+, CD161- 

EM T-cell population (cluster S5) showed that the frequency of the 
subpopulation positive for CD57 was increased in the Minusil CM 
treated cells. These cells were polyfunctional as they expressed high 
levels of the proinflammatory markers CCL4, IFNγ and TNFα. Previous 
studies report that CD8+ T cells expressing CD57 are characterized by 
increased levels of pro-inflammatory and cytolytic molecules and have 
been implicated in inflammatory conditions, including in autoimmune 
disease (Strioga et al., 2011; Huang et al., 2020; Abbas and Akbar, 
2021).

Barcoding was used to reduce technical variability between donors 
of the same experiment. Additional sources of variability in the present 
study include the use of different donors and differences in the condi
tioned medium as it was prepared fresh for each experiment. A limita
tion of the current study is that we used a high concentration of particles 
not representative of occupational exposure concentrations. However, 
particle dose should reflect the dose of inhaled particles that is accu
mulated on the alveolar surface over time. Due to the persistence of the 
particles in the lung, RCS has been shown to creating a prolonged pro- 
inflammatory signal (Leung et al., 2012). For this study, we wanted to 
achieve a certain level of cell death to be able to study effects of CM from 
stressed and dying macrophage-like cells on peripheral immune cells as 
this is hypothesised to be important for systemic silica-induced disease. 
Moreover, we only model the initial responses to RCS exposure and not 
inflammation resolution or delayed pathogenic responses and tissue 
interactions. The tissue resident macrophages are reported to have lower 
immunoreactivity than monocyte derived macrophages recruited to the 
lungs upon injury (Kulikauskaite and Wack, 2020). THP-1 is a mono
cytic leukemia cell line and THP-1 derived macrophages are thus likely a 
better model for studies of the responses of the recruited than the resi
dent lung macrophages. THP-1 derived macrophage-like cells have a 
proficient NLRP3 inflammasome response (Zhou et al., 2011) and has 
proved to be useful in studies of crystalline silica particle toxicity 
(Chanput et al., 2014; Ruijter et al., 2025). A novelty of the present study 
is the detailed profiling of immune cell changes in phenotypic and 
functional markers in response to Minusil CM. In addition, 
particle-induced changes in immune cell function were assessed by 
challenging the cells with an immune stimulation cocktail. The stimu
lation cocktail, albeit non-physiological, includes a combination of viral, 
bacterial and more general immune stimulus. It was used to induce an 
activation response of a broad set of immune cell types, since resting 
blood immune cells needs stimuli to evaluate their functional states. The 
comparison of two similar α-quartz particles differing in the presence of 
reactive NFS-groups and in the proinflammatory and disease promoting 
activities (Pavan et al., 2020, 2024) provides further insight on the 
cellular changes that may be related to disease development.

In summary, exposure to Minusil particles induced a marked pro- 
inflammatory response in exposed THP-1 derived macrophage like 
cells, contrasting with the response to synthetic NFS-poor gQ particles. 
Whole blood exposed to CM from Minusil-treated cells for 24 and 48 h 
showed significantly elevated levels of soluble pro-inflammatory cyto
kines and chemokines. These increases ranged between 1.4 and 2.1-fold 
for IL-1β, IL-18, IL-6, IL-23, and CCL3, and a 5.5-fold increase for 
CXCL10. In contrast, whole blood exposed to CM from gQ-treated cells 
did not show significant changes in cytokine levels, underscoring the 
low inflammogenic potential of the synthetic particles.

At the single cell level, the main findings in whole blood exposed to 
Minusil CM compared to control were: i) altered monocyte and dendritic 

E. Kummari et al.                                                                                                                                                                                                                               Environmental Research 292 (2026) 123661 

10 



cell subpopulation frequencies, ii) increased frequencies of NK, naïve B 
and naïve T lymphocyte subpopulations characterized by high expres
sion of CD38, iii) following a 4-h immune stimulation, increased fre
quencies was observed of two effector memory CD8+ T lymphocyte 
population, with one expressing high level of CD161 and the other being 
polyfunctional,.

By employing an ex vivo indirect exposure model, we provide novel 
data on potential links between RCS-induced macrophage toxicity and 
the modulation of innate and adaptive immune cells. Follow-up studies 
involving peripheral immune cells in occupational cohorts or animal 
models are essential to determine whether our ex vivo findings are 
applicable to in vivo contexts.
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gQ Synthetic as grown α-quartz particles
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MMAD Mass median aerodynamic diameter
NFS Nearly free silanols
RCS Respirable crystalline silica
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