Journal of Molecular Medicine
https://doi.org/10.1007/s00109-023-02401-9

JMolMed

ORIGINAL ARTICLE

=

Check for
updates

Effects of different amosite preparations on macrophages, lung
damages, and autoimmunity

Alain Lescoat'? - Riccardo Leinardi® - Kévin Pouxvielh' - Yousof Yakoub? - Marie Lelong’ - Amandine Pochet? -
Erwan Dumontet* - Nessrine Bellamri' - Erwan Le Tallec'? - Cristina Pavan®® - Francesco Turci>® - Christophe Paris’” -
Francois Huaux? - Valérie Lecureur'®

Received: 27 June 2023 / Revised: 9 November 2023 / Accepted: 14 November 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The underlying mechanisms of asbestos-related autoimmunity are poorly understood. As the size, surface reactivity, and free
radical activity of asbestos particles are considered crucial regarding the health effects, this study aims to compare the effects
of exposure to pristine amosite (pAmo) or milled amosite (mAmo) particles on lung damage, autoimmunity, and macrophage
phenotype. Four months after lung exposure to 0.1 mg of amosite, BAL levels of lactate dehydrogenase, protein, free DNA,
CCL2, TGF-p1, TIMP-1, and immunoglobulin A of pAmo-exposed C57B1/6 mice were increased when compared to fluids
from control- and mAmo-exposed mice. Effects in pAmo-exposed mice were associated with lung fibrosis and autoimmun-
ity including anti-double-strand DNA autoantibody production. mAmo or pAmo at 20 pg/cm? induced a pro-inflammatory
phenotype characterized by a significant increase in TNFa and IL-6 secretion on human monocyte-derived macrophages
(MDMs). mAmo and pAmo exposure induced a decrease in the efferocytosis capacities of MDMs, whereas macrophage
abilities to phagocyte fluorescent beads were unchanged when compared to control MDMs. mAmo induced IL-6 secre-
tion and reduced the percentage of MDMs expressing MHCII and CD86 markers involved in antigen and T-lymphocyte
stimulation. By contrast, pAmo but not mAmo activated the NLRP3 inflammasome, as evaluated through quantification of
caspase-1 activity and IL-1f secretion. Our results demonstrated that long-term exposure to pAmo may induce significant
lung damage and autoimmune effects, probably through an alteration of macrophage phenotype, supporting in vivo the higher
toxicity of entire amosite (pAmo) with respect to grinded amosite. However, considering their impact on efferocytosis and
co-stimulation markers, mAmo effects should not be neglected.

Key messages

e Lung fibrosis and autoimmunity induced by amosite particles depend on their physicochemical characteristics (size and
surface)

¢ Inhalation exposure of mice to pristine amosite fibers is associated with lung fibrosis and autoimmunity

¢ Anti-dsDNA antibody is a marker of autoimmunity in mice exposed to pristine amosite fibers

e Activation of lung mucosa-associated lymphoid tissue, characterized by IgA production, after exposure to pristine amosite
fibers

e Pristine and milled amosite particle exposure reduced the efferocytosis capacity of human-derived macrophages
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Introduction proved that all forms of asbestos were carcinogenic to

humans [2]. Asbestos minerals were banned or strictly

As a result of the worldwide pandemic of asbestos-related
diseases [1], the International Agency for Research on
Cancer (IARC) of the World Health Organization (WHO)
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regulated by health protection organizations in many
high-income countries, albeit asbestos—mainly chryso-
tile—is still used in middle- and low-income countries [3].
Although worldwide consumption of asbestos has glob-
ally decreased [4], the re-emergence of asbestos-related
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diseases was observed and associated with unexpected
sources or non-occupational situations [5] where poten-
tially hazardous elongate mineral particles [6] are pro-
duced together with regulated asbestos minerals. The
detrimental health effects of asbestos and asbestos-like
mineral exposure include mesothelioma, lung cancer, and
fibrosis, which can appear decades after exposure. Beyond
such pulmonary disorders, the association between asbes-
tos exposure and autoimmune diseases, characterized by
autoantibody production, has also been reported [7-9].
Although dust-related autoimmunity is classically consid-
ered associated with chronic occupational exposure, acute
occupational exposure and non-occupational exposure may
also induce autoimmunity [10, 11]. Exposure to fibrous
amphiboles, such as amosite and crocidolite, was shown to
increase the production of autoantibodies [12]. However,
the autoimmune effects of asbestos are still poorly under-
stood in contrast to the large body of evidence collected
on fibrosis or cancer.

The most robust paradigm in particle toxicology corre-
lates three key physicochemical parameters of asbestos with
their toxicity and health effects, i.e., the peculiar asbestiform
morphology, the high biopersistence, and an ion-mediated
surface reactivity [13, 14]. Currently, the WHO consid-
ers hazardous to humans only asbestos fibers character-
ized by the following morphometric characteristics: length
(L)>5 pm, diameter (D) <3 um, and aspect ratio (L/D) > 3.
However, indoor air samples usually contain more than
70% of short respirable asbestos fibers [15], i.e., the fibers
characterized by L <5 um, D <3 um, and L/D > 3. Even if
short asbestos fibers are mainly considered less harmful than
long fibers, such a statement is still a matter of debate [16].
Therefore, short asbestos fiber pathogenicity still needs to
be addressed, especially considering their high proportion
in the air, which may lead to a non-negligible concentration
and thereof exposure.

The major lung cells in contact with inhaled asbestos fibers
are epithelial cells and alveolar macrophages. Macrophages
can recognize fibers through scavenger receptors such as
MARCO [17] and phagocyte them depending on their size
and surface characteristics. Indeed, short fibers (<5 pm in
length) may be more easily cleared than long fibers (> 10 um),
which leads to an imperfect engulfment of fibers called
“frustrated phagocytosis,” favoring alveolar macrophage cell
death, the release of reactive oxygen and nitrogen species, and
subsequent recruitment of inflammatory cells. This chronic
inflammation is also promoted by asbestos-induced activation
of the NOD-like receptor family, pyrin domain-containing 3
(NLRP3) inflammasome, triggering the production of the
inflammatory interleukin-1p (IL-1p) cytokine [18]. Asbestos-
induced chronic inflammation in turn triggers the activation
of fibroblasts and collagen deposition.
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Despite some epidemiological studies suggesting an
association between asbestos and autoimmunity, charac-
terized by the production of anti-nuclear autoantibodies
(ANA) [9, 19, 20], the underlying mechanisms are poorly
understood. By contrast, the association between respir-
able crystalline silica and the development of systemic
autoimmune diseases characterized by the production of
ANA is well endorsed [21, 22]. Such effects may occur
through cellular debris accumulation due to particle-
induced apoptosis and a defect in their clearance in silica-
exposed macrophages, leading to the release of intracellu-
lar components in the extracellular medium [23]. Efficient
phagocytosis of apoptotic bodies by macrophages, a pro-
cess called “efferocytosis”, participates in immune silenc-
ing [24] by preventing the release of intracellular antigens,
including self-DNA and DNA-associated proteins. Effero-
cytosis is impaired by silica exposure in vitro and in vivo,
and such impairment of immune silencing could directly
participate in silica-induced autoimmunity. The impact of
asbestos exposure on efferocytosis and the links with auto-
immunity in this context remain to be determined.

This study compared the effects of two amosite prepa-
rations including an unaltered sample of fibrous amosite
and a sample of amosite that had been milled to produce
shorter fibers and non-fibrous particles, both at the pul-
monary and systemic levels, with a focus on immune
responses, including autoimmunity and macrophage func-
tion, through in vivo and in vitro approaches.

Materials and methods
Mineral fibers

Milled amosite (mAmo) and pristine amosite (pAmo),
kindly provided by F. Turci (Turin, Italy) originated in
South Africa. The length range of pAmo was 2—-100 um,
with more than 30% of fibers longer than 5 um. The grind-
ing of pAmo in a ceramic ball mill machine to mAmo
led to (a) a significant reduction of fibrous particles (the
majority of particles after grinding had an aspect ratio < 3)
[25, 26] and (b) altered surface reactivity. Despite having
a lower surface area than mAmo, pAmo bound more pro-
tein, had more free radical activity, and had more oxidized
surface iron than mAmo [27]. A table comparing the major
characteristics of mineral fibers is available in supp data
1. All samples were thermally treated at 200 °C for 3 h to
remove any possible trace of endotoxin, and suspensions
were prepared by sonication and manual vortexing in ster-
ile phosphate-buffered saline (PBS) or water for in vivo
and in vitro experiments, respectively.
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Chemicals and reagents

Human recombinant cytokines IFNy, IL-4, and IL-13 were
purchased from PeproTech (Neuilly sur Seine, France), and
human recombinant M — CSF was obtained from Miltenyi
Biotec SAS (Paris, France). Lipopolysaccharide (LPS) from
E. coli (serotype: 055:B5) and z-VAD-FMK were purchased
from Sigma-Aldrich (St-Quentin Fallavier, France) and
MedChemExpress (Clinisciences, Nanterre, France), respec-
tively. Stock solutions of human recombinant cytokines were
prepared in sterile distilled water containing 0.1% bovine
serum albumin. z-VAD-FMK was dissolved in dimethyl sul-
foxide (DMSO), and the control culture received the same
dose of DMSO as their treated counterparts, without exceed-
ing 0.2% (vol/vol).

Animals

Female C57BL/6 mice weighing 20 g, used at 8 weeks
of age, were purchased from Janvier SAS (St Berthevin,
France). Females were used because the incidence of sys-
temic autoimmune diseases is higher in females than in
males and because females are also exposed to mineral dust
[11]. Animals were kept with sterile rodent feed and acidi-
fied water and housed in positive-pressure air-conditioned
units (25 °C, 50% relative humidity) on a 12-h light/dark
cycle. After acclimatization, the animals were exposed by
oropharyngeal instillation to mAmo or pAmo fibers (100 pg)
suspended in a volume of 50 pl of PBS-BSA. Vehicle con-
trols were injected with an equal volume of PBS-BSA. Mice
were then euthanized 4 months (120 days) after particle
administration with an intraperitoneal injection of 12 mg
sodium pentobarbital (Certa, Braine-1’Alleud, Belgium).

Bronchoalveolar lavage and lung sampling

The bronchoalveolar lavage (BAL) was performed by can-
nulating the trachea and infusing the lungs with 1 ml of
0.9% NaCl four times. The BAL fluid was centrifuged at
280 g at 4 °C for 10 min using a 5804R centrifuge (Eppen-
dorf, Hamburg, Germany), and the cell-free supernatant was
used for biochemical measurements. After resuspension of
the pellet in PBS, total BAL fluid cells were counted (at
least 200 cells) in Turch (crystal violet 1%, acetic acid 3%)
and then pelleted onto glass slides by cyto-centrifugation
for differentiation by light optical microscopy after Diff-
Quick staining (Baxter, Lessines, Belgium). Total proteins
and lactate dehydrogenase (LDH) activity were assessed on
BAL fluid as previously described [28]. BAL fluid content
of double-stranded DNA (dsDNA) was measured using the
Quant-iT PicoGreen dsDNA reagent (Invitrogen, Thermo
Fisher Scientific, Courtaboeuf, France), according to the
manufacturer’s protocol.

Quantification of total lung collagen
and BAL cytokines

Collagen deposition was estimated by measuring hydroxy-
proline (OH-proline) content in lung homogenates and tis-
sue inhibitor of metalloproteinase (TIMP-1) content in BAL
fluids. Hydroxyproline was assessed by high-pressure liquid
chromatography analysis on hydrolyzed lung homogenates
(6 N HCI at 108 °C during 24 h) as previously described
[29]. Active TGF-f1, TIMP-1, and CCL2 levels were
assessed by ELISA on BAL fluids according to manufactur-
ers’ instructions (R&D Systems, Minneapolis, USA). Total
Ig-G, Ig-A, and Ig-M were measured using an Invitrogen
Uncoated ELISA kit (Thermo Fisher Scientific).

Lung histology

Lungs were instilled and perfused with 0.9% NaCl, and the
superior-left lung lobe was fixed in a 3.6% formaldehyde
solution (Sigma-Aldrich) for one night. Sections embedded
in paraffin were stained with hematoxylin and eosin (H&E,
nucleus, and cytoplasm staining). Images were acquired with
a slide scanner SCN400 (Leica, Diegem, Belgium) and pro-
cessed with Tissue Image Analysis 2.0 (Leica).

Preparation of human monocyte-derived
macrophages (MDMs)

Monocytes, selected after a 1-h adhesion step, were differ-
entiated into MDM for 6 days using M — CSF (50 ng/ml) in
RPMI 1640 medium GlutaMAX (Gibco, Life Technologies
SAS, Courtaboeuf, France) supplemented with antibiotics
(20 IU/ml penicillin and 20 pg/ml streptomycin (Thermo
Fisher Scientific) and 10% heat-inactivated fetal bovine
serum (FBS, Lonza, Levallois-Perret, France), as previ-
ously described [30]. After 6 days, the supernatant of cells
was removed and replaced with a medium containing 5% of
heat-inactivated FBS and M — CSF (10 ng/ml). These cells
corresponding to MO-MDMs were then exposed to mAmo or
pAmo from 0 to 50 pg/cm?. For the inflammasome experi-
ment, MO-MDMs were pre-incubated with 10 ng/ml of LPS
in the presence or absence of 10 um of z-VAD-FMK before
amosite fibers. According to experiments, conditioned
media were removed and stocked at —20 °C for ELISA
analysis, whereas the cells were washed and harvested for
RNA extraction or flow cytometry analysis.

Evaluation of cell viability, cytokine/chemokine
levels, and caspase-1 activity

Cell viability was assessed with a CyQUANT assay (Invit-

rogen, Thermo Fisher Scientific). MDMs plated at 2 10
cells/cm? were exposed to different concentrations of fibers
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from 0 to 50 pg/cm? for 4 h or 24 h. After particle exposure,
CyQUANT was added to MDMs in a complete medium and
incubated for 1 h at 37 °C, and the supernatant was read
with a spectrofluorimeter SPECTROStar OMEGA (BMG
Labtech, Champigny s/Marne, France) using appropriate
wavelengths (485/540 nm).

Levels of human IL-1p, IL-6, IL-8, and TNFa« secreted
in MDM culture media were quantified by ELISA using
specific Duoset ELISA development system kits (R&D
Systems).

Caspase-1 activity was quantified by luminescence using
the Caspase-Glo 1 inflammasome assay according to the
recommendations of providers (Promega, Charbonnieres-
les-Bains, France) on an Enspire 2300 luminometer (Perkin-
Elmer, Waltham, MA, USA).

Cell surface receptor and marker analyses by flow
cytometry

Phenotypic analysis of MDMs was performed using flow
cytometric direct immunofluorescence. After washing and
detachment using Accutase™ (BioLegends, Paris, France),
cells were stained with Fixable Viability Stain 780 (BD
Biosciences, Le Pont de Claix, France) for 10 min at room
temperature to measure viability and exclude dead cells from
the analysis. MDMs were first blocked in PBS supplemented
with 2% FBS solution and with FcR blocking reagent (Milte-
nyi Biotec SAS) for 10 min at room temperature to avoid
nonspecific binding, and then re-suspended and incubated
with specific antibodies or appropriate isotype controls for
30 min at 4 °C. Cells were washed with PBS, collected by
centrifugation (2500 rpm for 5 min), and then analyzed on
a LSR II cytometer (BD Biosciences) and FlowLogicTM
software (Miltenyi Biotec SAS). The phenotypic characteri-
zation of viable MDMs was performed using the following
antibodies: BUV395 anti-MHCII, BV421 anti-CD200R,
BV605 anti-CD80, BB515 anti-CD206, PE anti-CD163, and
APC anti-CD86, their respective isotype controls, as rec-
ommended by BD Biosciences (Le Pont de Claix, France).
Results are expressed as the mean ratio of median fluores-
cence intensity (MFI) calculated as follows: MFI (mAb of
interest)/MFI (isotype control mAb).

Phagocytosis assays by flow cytometry

MDMs plated in 12-well tissue culture plates were exposed
to fluorescent YG beads (Fluoresbrite™ Plain YG 1.0
Micron Microsphere, Polysciences, Warrington, USA) in a
10:1 ratio (fluorescent beads/MDM) for 45 min at 37 °C or
4 °C in a 5% CO, humidified incubator. Some MO-MDMs
were pre-treated with 5 um cytochalasin D (Sigma-Aldrich)
for 1 h, thus acting as a negative control as cytochalasin D
inhibits actin polymerization required for engulfment. After
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phagocytosis, MDMs were washed, detached, and stained
for viability as already detailed above before YG fluores-
cence quantification on the cytometer. Results are expressed
as the percentage of phagocytosis calculated as follows: %
fluorescent MDMs (37 °C) — % fluorescent MDMs (4 °C).

Efferocytosis assays by real-time fluorescence
microscopy

Human Jurkat CD4 T-lymphocyte cells (1.10° cells/ml),
cultured in RPMI 1640 Glutamax culture medium with
10% FBS, 20 IU/ml penicillin, and 20 pg/ml streptomy-
cin, were exposed for 4 h to 10 pM camptothecin (Sigma-
Aldrich) to induce apoptosis as previously described [31].
Apoptotic Jurkat cells were then stained for 15 min with
250 ng/ml pHrodo (IncuCyte® pHrodo® Red Cell Labe-
ling Kit, Sartorius, Ann Arbor, USA), washed, and added
to MDMs plated in 96-well-tissue culture plates in a 10:1
ratio (apoptotic cellsyMDM) for 180 min at 37 °C in a 5%
CO, humidified incubator. The engulfment efficiency of
MDMs was quantified by real-time fluorescence micros-
copy (IncuCyte® Live-Cell Analysis System, Sartorius),
measuring the total integrated red intensity (ex:560 nm/
em:585 nm) of labeled Jurkat cells when entering the acidic
phagosome every 15 min. The mean fluorescence intensity
of phagocytosed Jurkat cells after 90 min is used to compare
the efferocytosis level.

Statistical analysis

Data are presented as means + standard error on the mean
(SEM). Comparison among more than 2 groups was per-
formed by repeated measure analysis of variance for paired
or one-way analysis of variance, followed by Dunnett’s or the
Newman—Keuls multiple comparison post-hoc test. Depend-
ing on conditions and Gaussian distribution, Student’s #-test,
paired z-test, or the Mann—Whitney test were used to com-
pare the 2 groups. A p <0.05 was considered significant.
Data analyses were performed with GraphPad Prism 5.0
software (GraphPad Software, La Jolla, CA, USA).

Results

Lung and systemic effects of mAmo and pAmo
in mice

Oropharyngeal instillation of pAmo resulted in leukocyte
accumulation in the airways, which was characterized
by a significant increase in neutrophils and macrophages
120 days after fiber exposure. By contrast, no increase in
the count number of any leucocyte was found in BAL fluid
after mAmo exposure (Table 1). As compared to vehicle- or
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Table 1 Cell counts in the BAL fluids mice after 120 days of oropharyngeal instillation of milled Amosite (mAmo), pristine Amosite (pAmo) or

PBS (Control)

mean + SEM differential cell counts (number 103/ml)
group Total(:g!l/nml:;nber Macrophages Neutrophils Lymphocytes Eosinophils
after 120 days
PBS 31.0+2.7 28.8+2.4 1.7+0.6 0 nd
mAmo 31.2+4.2 28.0+3.5 2.7+0.5 0.5+0.2 nd
pAmo 73.0+18.1 *$ 59.2 +14.9*$ 10.2 + 3.1**$ 1.1+0.6 nd

nd: not detected

* significantly different (p <0.05) from PBS control
** significantly different (p <0,01) from PBS control
$ significantly different (p <0.05) from mAmo

mAmo-exposed mice, pAmo exposure resulted in a signifi-
cant increase in LDH (Fig. 1a) and protein release, suggest-
ing a loss of lung permeability with an increase in inflamma-
tory mediators (Fig. 1b) and of the chemokine CCL2/MCP-1
that chemoattracts CCR2-positive monocytes (Fig. 1c).

By contrast to mAmo, pAmo exposure significantly
increased active TGF-f (Fig. 1d) and tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) releases as compared
to control and mAmo (Fig. le), two makers of fibrosis.
Exposure to pAmo (not mAmo) tended to increase hydroxy-
proline content when compared to control (Fig. 1f), indicat-
ing increased collagen formation by activated fibroblasts. As
shown in Fig. 1g, pAmo exposure induced the development
of fibrotic areas characterized by reduced alveolar spaces
with thickening of alveolar walls, in contrast to control and
mAmo-exposed mice.

As LDH release is associated with cell death, we hypoth-
esized that pAmo-induced epithelial cell death [32], through
the release of cell content in the extracellular microenvi-
ronment, exhibited antigenicity and induced a humoral
immune response. Therefore, we examined immunoglobu-
lin (Ig) levels in the BAL fluids (BALF) of mice. Total IgG
and IgM levels did not differ among groups (Fig. 2a). By
contrast, mean levels of IgA were significantly increased
in BALF of pAmo-exposed mice as compared to vehicle-
or mAmo-exposed mice, suggesting activation of lung
mucosal immunity (Fig. 2a). A significant increase in free
DNA levels in BALF (Fig. 2b) and of anti-double-stranded
(ds)-DNA autoantibody concentration was also observed in
the serum of pAmo-exposed mice in comparison to control
and mAmo-exposed mice (Fig. 2c).

Overall, these results demonstrated that, in contrast to
mAmo, inhaled pAmo-induced chronic airway inflammation
(CCL2), lung fibrosis (TGF-f, TIMP-1, and hydroxyproline
quantifications and lung histology), lung mucosal immunity
(IgA secretion), and systemic autoimmunity (presence of
serum dsDNA autoantibodies) in mice.

Comparative effects of mAmo and pAmo fibers
on human MDM phenotype and functions

As alveolar macrophages, and especially monocyte-derived
macrophages, are thought to play a key role in the devel-
opment of asbestos-induced lung fibrosis [33], the model
of human monocyte-derived macrophages (MDM) is well
adapted to study and compare the cellular effects of the two
different preparations of amosite. As particle exposure may
alter the phenotype (MO, M1, and M2) of human MDM [34],
we analyzed the phenotype and the phagocytic functions of
MDM exposed to mAmo and pAmo.

The evaluation of fiber toxicity towards human MDM
reveals a significant decrease in cell viability in cells
exposed to 33 pg/cm? or to 25 pg/cm?® 4 h or 24 h post-
exposure to mAmo, respectively (Fig. 3a), whereas pAmo
exposure was cytotoxic only 24 h post-exposure with a con-
centration of 50 ug/cm? (Fig. 3b). The absence of cell toxic-
ity from exposure to mAmo and pAmo at 20 pg/cm? for 24 h
was confirmed by flow cytometry (Fig. 3c). Based on these
data, we selected 20 pg/cm? of mAmo and pAmo for the next
in vitro experiments.

Phenotype and activated states (inflammatory or M1 type
and fibrotic or M2 type) of macrophages are validated by the
up- or down-expression of specific markers. A significant
down-expression of the endocytic receptor for hemoglobin-
haptoglobin complex (or CD163) well known as a fibrotic
M2 marker was found in MDM exposed to mAmo and
pAmo, similar to M1-polarized MDM (Fig. 4a). The expres-
sion of the MHCII marker was also significantly reduced in
the presence of mAmo but not with pAmo when compared
to MO-MDM. No significant alteration of the specific M1
marker CD80 or the specific M2 marker CD200R was found
after exposure to mAmo or pAmo (Fig. 4a). As the expres-
sion of CD86 (M1 markers) tended to decrease in mAmo-
exposed MDM (Fig. 4a), we explored the percentage of cells
expressing selected M1 markers. A significant decrease in
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Fig. 1 Comparison of mAmo
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the percentage of cells positive for both CD86 and MHCII
was found in comparison to MO-MDM or pAmo-exposed
MDM (Fig. 4b), suggesting lower antigen presentation abili-
ties of mAmo-exposed MDM.

The quantification of some key pro-inflammatory
cytokines showed that the secretion levels of TNFa and
IL-8 were significantly induced in supernatants of MDM
exposed to mAmo and pAmo at 20 ug/cm? in comparison
to MO-MDM, whereas IL-6 secretion was significantly
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increased only in mAmo-exposed MDM when compared to
untreated and to pAmo-exposed MDM (Fig. 5a). The secre-
tion levels of the M2a chemokine CCL18 were not modified
by fiber exposure in vitro (data not shown). As asbestos is
well known to assemble the NLRP3 inflammasome complex
and to activate caspase- 1, resulting in the conversion of pro-
IL-1B to its mature form [18], we compared the effects of
particles on caspase-1 activity and IL-1f release by MDMs
primed by LPS. Caspase-1 activity (Fig. 5b) and IL-1p
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secretion were induced in pAmo-exposed cells (Fig. 5c¢).
IL-1p secretion in the supernatants of mAmo-exposed MDM
was increased, but not enough to reach a significant level.
The role of the NALP3 inflammasome in IL-1f secretion
after pAmo exposure was confirmed by the capacity of
z-VAD-FMK, a caspase-1 inhibitor, to significantly reduce
IL-1p levels (Fig. 5¢).

As ineffective efferocytosis could contribute to autoim-
munity [24] and as mineral particles such as crystalline silica
decrease the efferocytosis capacities of macrophages [30],
we assessed the effects of asbestos exposure on the effero-
cytosis capacities of macrophages. Human MDM capacities
to phagocyte apoptotic cells (efferocytosis) were decreased
when cells were exposed to mAmo or pAmo particles, with-
out significant difference between fiber types (Fig. 6a),
whereas exposure to non-toxic tungsten particles used as
a negative control had no effect on efferocytosis [23]. By
contrast, the phagocytosis of fluorescent beads by MDMs
exposed to mAmo or pAmo was not reduced, contrary to

those exposed to the potent actin polymerization inhibitor
cytochalasin D (Fig. 6b).

Altogether, in vitro exposure of human MDM to amosite
fibers induced a pro-inflammatory phenotype which differed
between amosite preparations in IL-6 and IL-1p secretions,
but that was associated for both of them with a decrease in
the efferocytosis capacities of human MDM.

Discussion

Pathologic responses to toxicants depend on the dose, the
duration of exposure, and their physical and chemical prop-
erties, notably their size, which are closely linked to their
potential surface reactivity. Our study reveals for the first
time that milling of amosite altering size, surface character-
istics, and free radical release of amosite fibers [26, 27] have
an impact on the development of autoimmunity as only long-
term pAmo-exposed mice had increased levels of serum
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Fig.3 Evaluation of the cell
toxicity of mAmo and pAmo
exposure in monocyte-derived
macrophages (MDMs). MDMs
were exposed to mAMo (a) or
pAmo (b) from 5 to 50 ug/cm?.
After 4 h and 24 h of exposure
time, cell viability was evalu-
ated using the CyQUANT assay
as described in the “Materials

1.5

-
o

Relative Viability
=)
[3,]
1

(Cyquant assay)

1.5

=
o
I

hd

Relative Viability
»
1

(Cyquant assay)

and methods” section. Data 0.0

. 5
were expressed relative to v

10

25

0.0

33 , 0

50 5 10 25 33 50

untreated cells, arbitrarily set

mAmo (ug/cm?) (for 4h)

mAmo (uglcm?) (for 24h)

at a value of 1 unit, and are the

mean =+ SEM of 6 independ-

ent experiments. MDMs were
exposed to mAmo or pAmo at
20 pg/cm.? for 24 h (c), and cell
viability was then evaluated by
excluding the Fixable Viability
Stain 780-positive cells by flow
cytometry analysis as described
in the “Materials and methods”
section. Data were expressed

=
=)

Relative Viability
o
T

(Cyquant assay)

-
o

Relative Viability
o
o
1

(Cyquant assay)

.0 T T

relative to untreated cells and 5

are the mean + SEM of 4 inde- L

10

25

0-0 T T T T T T
5 10 25 33 50

33 50

pendent experiments. *p <0.05,

pAmo (ugl/cm?) (for 4h)

pAmo (uglcm?) (for 24h)

*#p <0.01, ##*p <0.001

1204

80+

40-

% of cell viability

-

ct

T
mAmo

20 pglcm2

T
pAmo

anti-dsDNA autoantibodies. Furthermore, our data support a
higher impact of pAmo on lung health compared to mAmo,
as pAmo exposure was characterized by increased inflam-
mation and increased fibrosis in mice exposed to pAmo as
compared to mAmo. Such differences could be linked to the
differential impact of asbestos on macrophage phenotypes
and functions.

Asbestos exposure is well known to induce inflammatory
responses. In this study, we showed that long-term exposure
to pAmo, by contrast to mAmo, increased the recruitment of
inflammatory cells such as neutrophils and macrophages in
accordance with higher secretion levels of the macrophage
chemoattractive CCL2/MCP-1 chemokine in BALF. This
continuing immune cell presence in BALF suggests ongoing
injury of pAmo as compared to mAmo that could be related
to the insolubility of amphibole in body fluids [35] and
therefore to their persistency in lung tissues due to, at least

@ Springer

in part, a “frustrated phagocytosis” by macrophages [36].
Moreover, phagocytosis of long fibers seems more aggres-
sive, favoring lysosomal membrane rupture and a subsequent
release of cathepsin D that results in NLRP3 activation [37].
These results are supported by our data showing a higher
increase in activated caspase-1 and the process of maturation
of pro-IL-1p to the mature and biologically active form of
IL-1B by pAmo as compared to mAmo. In agreement with
this result, previous studies showed higher activation of the
NLRP3 inflammasome in LPS-primed macrophages by long
carbon nanomaterials as compared to short [38].

In addition to the secretion of pro-inflammatory markers,
human macrophages exposed to mAmo and pAmo showed,
similarly to pro-inflammatory M1 macrophages and to mac-
rophages exposed to crystalline silica [23], a lower expres-
sion of membrane CD163 and a scavenger receptor involved
in the phagocytic ability of cells. The down-expression of
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Fig.4 Expression of polarization markers in monocyte-derived
macrophages (MDMs) exposed to mAmo and pAmo. MDMs were
polarized for 24 h by the addition of IFNy/LPS (M1) or IL-4/IL-13
(M2a) or to unpolarized control cells (MO). In parallel, MO-MDMs
were exposed to 20 pg/cm.? of mAmo or pAmo for 24 h. Cells were
harvested and stained, and the expression of cell surface molecules
was analyzed by flow cytometry on viable cells. Data are expressed

CD163 was associated with a decrease in the efferocytosis
capacities of MDM, as previously observed in silica-exposed
MDM [23], and might be due to the oversecretion of TNFa
after asbestos exposure since TNFa is a cytokine known to
down-regulate CD163 expression in macrophages [39]. The
pro-inflammatory effects of amosite fiber exposure were con-
firmed by the oversecretion of two major pro-inflammatory
markers, IL-8 and IL-6, in human macrophages.

In addition to inflammatory effects, pAmo also induced
fibrosis. Extracellular matrix deposit is under the control of

as MFI relative to isotype control (ratio) + SEM for 4-5 independent
experiments (a). Representative graph from flow cytometry show-
ing the co-expression of CD86 and MHCII in MO exposed or not to
mAmo and pAmo (b). Data are expressed as the percentage of co-
expressing cells + SEM for 4 independent experiments (b). *p <0.05,
*#p <0.01

mediators such as the profibrotic molecule TGF-f1, some
metalloproteinases, and their inhibitors (TIMPs). TIMP-1
overexpression considered a relevant marker of fibrosis [40]
is increased after chrysotile inhalation in mice [41]. Such
an increase in TIMP-1 in the BALF of pAmo-exposed mice
supports the hypothesis that a non-degrading extracellular
matrix environment favors fibrosis. The higher capacity of
pAmo to increase lung fibrosis in comparison to mAmo con-
firmed previous histopathologic data collected in rodents
exposed to amosite [25] or crocidolite fibers [42]. Such
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Fig.5 Comparison of inflammatory responses of monocyte-derived
macrophages (MDMs) exposed to mAmo and pAmo. MDMs were
exposed to mAmo or pAmo at 20 ug/cm? for 24 h. Supernatants were
harvested and analyzed by ELISA to determine the concentrations of
some cytokines/chemokines. Data expressed in pg/ml represent the
mean +SEM of at least 4 independent experiments (a). MDMs were
pre-treated for 4 h with LPS (10 ng/ml) in the presence of the cas-
pase-1 inhibitor z-VAD-FMK (10 um) (c) before being exposed to

mAmo or pAmo at 20 pug/cm.? for 2 h for the analysis of caspase-1
activity (b) or for 18 h for the determination of the IL-1p concen-
tration by ELISA (c) as described in the “Materials and methods”
section. Data expressed in percentage relative to untreated cells
(MO0) were the mean+SEM of 5 independent experiments (b). Data
expressed as a percentage of LPS-activated control cells represent the
mean + SEM of 3 independent experiments (c¢). *p <0.05, **p <0.01,
**%p <0.001
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Fig.6 Comparison of mAmo and pAmo exposure of monocyte-
derived macrophages (MDMs) on efferocytosis and phagocytosis.
MDMs were exposed to mAmo or pAmo at 20 pg/cm? for 4 h and
were then exposed to apoptotic Jurkat (apoJ) cells as described in
the “Materials and methods” section to evaluate their efferocytosis
abilities. Data expressed in percentage relative to untreated cells (MO)
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were the mean+ SEM of 5 independent experiments (a). MDMs were
exposed to mAmo or pAmo at 20 pg/cm.? for 4 h or to cytochalasin
D (cytD) for 1 h and then exposed to fluorescent beads for 45 min as
described in the “Materials and methods” section. Data expressed in
percentage relative to untreated cells (MO) were the mean+SEM of 6
independent experiments (b). *p <0.05, **p <0.01
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effects may be related to the higher pro-inflammatory prop-
erties of long fibers than short ones, notably due to frus-
trated macrophage phagocytosis observed with fibers longer
than 10 um [43], since chronic inflammation favors fibrosis.
pAmo-induced inflammation might also favor monocyte-
derived alveolar macrophage differentiation, as previously
observed in asbestos-induced lung fibrosis [33].

Exposure to amphibole favors autoimmunity in humans
and mice [19, 44], but, to our knowledge, no comparison of
the autoimmune effects of fibers or particles according to
their size and surface characteristics has been carried out
to date. This could be explained by the difficulties in char-
acterizing the size and shape of the amosite fiber workers
are exposed to in epidemiological studies. The increase in
seric anti-dsDNA autoantibodies found in pAmo (and not
mAmo)-exposed mice is in accordance with the concomi-
tant increase in free DNA and confirms the production of
systemic autoimmune markers related to cell damage. Such
data are in accordance with those showing that impaired
DNase I activity increased the production of autoantibodies
in systemic lupus erythematosus [45], an autoimmune dis-
ease favored by crystalline silica exposure. Crystalline silica
exposure also induced self-dsDNA release in the lungs, fur-
ther supporting the link between anti-dsDNA autoantibody
production and free DNA release [46]. The development of
an adaptive immune response is favored by the presence of
danger signals such as pollutants that can promote tolerance
breakdown. The adaptive immune response also depends
on the nature of the antigens associated with danger sig-
nals. The presence of cell corpses related to an increase in
apoptosis and/or a decrease in cell clearance also favors
autoimmunity [24, 47]. Asbestos induces apoptosis [48,
49], and the decrease in efferocytosis that we observed in
macrophages exposed to amosite fibers might therefore
favor inflammation by both decreasing the pro-resolutive
effects of efferocytic cells secreting IL-10 and by increasing
the secondary necrosis followed by damage signal release.
Secondary necrosis may also favor autoimmune responses
after the release of auto-antigens such as DNA or nuclear
proteins.

Such data are in accordance with a study showing that
individuals exposed to asbestos fibers showed more DNA
double-strand breaks in white blood cells and higher blood
levels of anti-dsDNA antibodies than non-exposed subjects
[7]. Moreover, these higher autoimmune markers observed
after pAmo exposure might also be related to the greater
oxidizing potential of pAmo as compared to mAmo [26, 50].
Indeed, reactive oxygen species (ROS) can generate oxidized
proteins that could trigger immunogenic reactions by induc-
ing pathogenic autoantibody release in systemic diseases
such as systemic sclerosis [51]. Antigenicity is not sufficient
to elicit adaptive immunity. The presentation of antigenic
peptides to T cells requires the expression of co-stimulatory

molecules on antigen-presenting cells. As we observed a
significant decrease in MHCII and CD86 expression by
mAmo-exposed human macrophages, we may hypothesize
that their ability to present antigens and to activate T cells
was reduced, and this may explain the lower immunoglobu-
lin levels in BALF of mAmo-exposed mice as compared to
pAmo-exposed mice, even if the dose used in vitro may not
be relevant to those used in vivo. Asbestos-induced disorders
of autoimmunity can also be explained by the adjuvant-type
and inflammatory effects of asbestos, as also demonstrated
for crystalline silica [18, 52]. The activation of macrophages
by the internalization of silicate compounds favors the secre-
tion of IL-1-B-dependent inflammasome activation and other
inflammatory markers, which can then activate T-helper
cells that facilitate B cell production of antibodies [53].

IgA are produced by B cells in mucosal immune systems
following interaction between T cells and antigen-presenting
cells that have engulfed and processed specific antigens [54].
The specific and strong increase in IgA levels in BALF of
mice exposed to pAmo suggested an activation of mucosa-
associated lymphoid tissue by unaltered fibers but not by
milled fibers. Such an increase in IgA secretion was previ-
ously observed in the sera of a population exposed to Libby
amphibole fibers [19]. An increase in IgA levels was also
found in the serum and BALF of silica-inhaled lupus-prone
mice [55], suggesting that these two minerals share similar
mechanisms.

The results from our study and the data recently published
by our group suggested that mAmo are reactive [56]. Indeed,
in our in vitro analyses, mAmo reduced the percentage of
double-positive CD86/MHCII MDMs and significantly
decreased the efferocytosis ability of MDMs, with a stronger
impact than pAmo on this parameter. Moreover, although
NLRP3 activation was higher in pAmo-exposed MDMs,
IL-1p secretion was also induced by mAmo. Altogether,
these data suggested that mAmo are biologically reactive
and have the strongest impact on some biological properties,
such as efferocytosis, similar to what was observed in sil-
ica-exposed MDMs [23], further linking silica and amosite.
These effects on efferocytosis may be related to the fact that
mAmo, similarly to silica, are particles, and this result sug-
gested that beyond the size of the fibers, the presence of
particles is also important to explain the biological effects.
These data are in accordance with Davis et al. [25], Tomatis
et al. [26], Graham et al. and Gilmour et al. [27, 57], and
more recently, Leinardi et al. [56], demonstrating that the
biological and toxicological effects of mAmo should not be
neglected. Their impact in vivo on other biological processes
such as asbestos-related cancers should be further explored.
The biopersistence and trafficking of mAmo fibers and par-
ticles in vivo also deserve further experiments.

The asbestos concentration used in vivo (100 pg), time of
analysis post-exposure (4 months), and sex of mice (female)
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Fig.7 Autoimmune effects of
pAmo could be triggered by
(1) pAmo-induced cell death
associated with (2) a release
of autoantigens and free DNA,
favored by (3) a defect of
efferocytosis leading to the

(4) accumulation of residual
cell corpses with secondary
necrosis. pAmo also induced (5) Cell
the release of IL-8 and TNF« by

macrophages (M¢) and CCL-2 death
in the alveolar lumen, with
potential recruitment of mono-
cytes (Mo), increasing lung
inflammation. Autoantigens can
be (6) presented to lymphocyte
Th-CD4 through MHCII since
its expression is preserved after
pAmo exposure by contrast

to mAmo exposure. Immune
activation after pAmo exposure
is also favored by (7) adjuvant
effect (NLRP3 inflammasome)
of pAmo, leading to a release of
IL-1p. Such pathogenic events
could elicit an elevation of (8)
local IgA in the lungs and (9)
systemic autoantibody produc-
tion, favored by the chronic
persistence of pAmo in the lung

were selected on the basis of previous studies evaluating
asbestos-induced autoimmunity [12, 44, 58, 59]. We may
think that such autoimmunity could be triggered at lower
concentrations of asbestos fibers, as shown by Zebedeo et al.
[12] after an exposure of 60 pg of amphibole. As immune
response may differ depending on sex and as autoimmunity
is more frequent in females than in males [60], we cannot
exclude the different results on autoimmunity that could be
observed in males.

To conclude, our results confirmed the higher lung patho-
genicity of pAmo as compared to mAmo in the mouse model.
Altogether, we hypothesize that autoimmune effects of pAmo
may be sequenced (a) by cell death associated with a defect
of efferocytosis that favors an accumulation of residual cell
corpses and a subsequent secondary necrosis, which repre-
sents a source of autoantigens, and (b) by immune activation
via the adjuvant effect (NLRP3 inflammasome) of long fib-
ers, leading to antigen presentation. Such pathogenic events
could elicit an elevation of local IgA and systemic autoanti-
body production (i.e., anti-dsDNA autoantibodies), favored
by the chronic persistence of pAmo in the lungs (Fig. 7).
Our results suggest that the size reduction of amosite fibers
leading to surface characteristic modifications due to grind-
ing reduces the risk of developing systemic autoimmunity
in vivo. A careful assessment of autoimmune features in
patients exposed to pAmo or to elongated mineral particles

@ Springer

of interest (length less than 5 pm) might be proposed for early
detection of autoimmune diseases and early treatment before
irreversible damages appear. However, the impact and toxic-
ity of mAmo should not be neglected, as the amosite particles
contained in mAmo, obtained after grinding, also have an
impact on important biological processes such as efferocyto-
sis and co-stimulation markers. Beyond autoimmunity, these
effects could play a role in other amosite-related hazards,
such as asbestos-induced cancers, warranting further in vivo
and mechanistic experiments in the future.
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