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Plastics are one of the most preoccupying emerging pollutants. Macroplastics released into the
environment degrade into microplastics and nanoplastics. Because of their small size, these micro and
nano plastic particles can enter the food chain and, in addition to their ecotoxicological effects,
contaminate humans with still unknown biological effects. Plastics being particulate pollutants, they are
handled in the human body by scavenger cells such as macrophages, which are important players in the
immune system. In order to get a better appraisal of the effects of plastic particles on macrophages, we
have studied the effects of unmodified polystyrene particles of 0.1, 1 and 10 micrometers of diameter, by a
combination of proteomics and targeted validation experiments. Proteomics showed important adaptive
changes of the proteome in response to exposure to plastics, with more than one third of the detected
proteins showing a significance change in their abundance in response to cell exposure to at least one
plastic bead size. These changes affected for example mitochondrial, lysosomal or cytoskeletal proteins.
Although an increase in the mitochondrial transmembrane potential was detected in response to 10
micrometer beads, no alteration in cell viability was observed. Similarly, no lysosomal dysfunction and no
alteration in the phagocytic capability of the cells was observed in response to exposure to plastics. When
Received 9th March 2022, the inflammatory response was examined, no increase in the secretion of tumor necrosis factor or
Accepted 3rd June 2022 interleukin 6 was observed. Oppositely, the secretion of these cytokines in response to lipopolysaccharide
was observed after exposure to plastics, which suggested a decreased ability of macrophages to respond
to bacterial infection. In conclusion, these results provide a better understanding of the responses of
rsc.li/es-nano macrophages to exposure to polystyrene particles of different sizes.

DOI: 10.1039/d2en00214k

Environmental significance

The presence of micro and nano plastics in our environment is a developing ecological concern, as they can be easily ingested by organisms ranging from
invertebrates to humans, and impact them. Whatever the exposure route, the particles that will cross the biological barriers will be taken up by innate
immune cells such as macrophages, with a potential impact on their properties. We analyzed the responses of macrophages exposed to polystyrene beads
of different sizes (0.1 to 10 um) by proteomics and targeted validation experiments. Proteomics showed extensive adaptive changes, although no
inflammatory response was observed. However, polystyrene-exposed cells showed a slightly decreased ability to respond to a bacterial stimulus, suggesting
slightly impaired immune functions of macrophages after exposure to plastics.

1. Introduction

Because of their attractive technical properties (e.g. resistance
to water and to mechanical stress), plastics are widely used
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widely present in freshwaters, including rivers.””® Their
in soils is less documented, but results
obtained on marine sediments'®'" do not bring optimism,
especially for environments such as landfills or
floodplains.'>"* Upon environmental degradation, the plastic
wastes degrade into smaller particles, first microplastics (in
the millimeter range) and then nanoplastics (micrometer and
sub-micrometer range). These very small size plastic particles
can enter the food chain," and microplastics have indeed
been observed in human feces.'” Furthermore, airborne
microplastics have been found in human lungs,'® and
translocation of plastics in intestinal models has been
documented,'”'® leading to the detection of microplastics in
human blood"™ and placenta.”® This contamination poses in
turn the problem of the effects of these micro and
nanoplastics on human health."*"** In order to gain further
insights into these potential effects, mechanistic studies are
desirable, and are more easily conducted in vitro. The
epithelial barriers (e.g. intestine) are obvious targets and have
thus been studied."”'® As these studies have documented a
translocation across the intestinal barrier, then the immune
system becomes an obvious target too, and has indeed been
studied.””** The interest to study the effects of micro and
nanoplastics is indeed reinforced by their detection in
lungs,'® where alveolar macrophages are a target cell type of
choice.

The type of plastic to be tested is also an important
parameter. While microplastics collected from the
environment would be an ideal target, their fine composition
(including their contaminants®*2°) is likely to change from
one sample to another. Thus, a model system is needed.
Although a model system will provide data for a single
chemical composition only, and cannot take into account
synergistic/cocktail effects as observed for endocrine
disruptors,*” it can provide data related to the effects of size,
surface chemistry, etc., provided that these parameters can be
controlled. However, this plastic model should be taken from
the most dominant plastics found in waste, whose
composition is known.»® Taking these parameters into
account, polystyrene appears as the most attractive choice. It
can be produced by emulsion polymerization in a variety of
sizes ranging from a few tens of nanometers to a few tens of
micrometers, can be labelled by a variety of tracers, including
metals,”® and its surface chemistry can be controlled.*
Furthermore, polystyrene is known to degrade into
nanoplastics®® and seems to be more prevalent in nanoplastics
than in microplastics.” Thus polystyrene has been widely used
as a plastic model to investigate several parameters, such as
the effects of surface charge,”**"*? or size.*

Indeed, various effects of polystyrene nanoparticles have
been described on macrophages. However, most papers
reporting effects have used either very high doses, above 100
ug ml™ (ref. 33) or surface chemistry with high charge
densities (above 20 peq g') of positive or negative
groups.>??1323%3% Only a few papers have reported effects
with uncharged polystyrene at moderate concentrations (e.g.

accumulation
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in ref. 36). Conversely, several papers have reported an
absence of clear effects of polystyrene nanobeads on
macrophages.'”**?%’

In order to get deeper insights into the effects of
polystyrene particles on macrophages, we chose to apply a
comparative proteomic approach, using beads of three
different sizes (0.1, 1 and 10 pm in diameter) covering two
orders of magnitude. Objects of 10 pm are in the upper range
of what macrophages can internalize,*®*° and are in the
microplastics range, while 1 um objects are in the size range
of bacteria and are thus well known for macrophages, and
100 nm objects are considered to be nanoplastics.*>*!

Proteomic approaches have been applied with success for
studying the effects of other nanomaterials on various cell
types (e.g. in ref. 42-45), including macrophages (e.g. in ref.
46-48), and this approach is likely to provide interesting
results when studying the effects of polystyrene on
macrophages, as suggested by the results obtained on
different cell types using amino-modified polystyrene.*’

2. Materials and methods
2.1. Plastic particles

For the proteomic experiments and some of the validation
experiments, fluorescent polystyrene particles were used.
Yellow-green fluorescent particles were purchased from
Polysciences (Hirschberg an der Bergstrasse, Germany) with
nominal diameters of 0.1 um (catalog number #17150), 1 pm
(catalog number #17154), and 10 pm (catalog number
#18140). For validation experiments with flow cytometry,
such fluorescent particles cannot be used because of their
excessive brightness. Thus unlabelled particles were used.
They were purchased from Spherotech, (Lake Forest, IL, USA)
with nominal diameters of 50-100 nm (catalog number #PP-
008-10), 1-1.4 um (catalog number #PP-10-10) and 8-12 pm
(catalog number #PP-100-10). The suspensions
pasteurized overnight at 80 °C before use in cell culture. The
actual size distribution of the particles was checked by
optical microscopy for the 1 and 10 pm beads, and by
dynamic light scattering (DLS) for the 0.1 um beads. The zeta
potential was measured on a Malvern Zetasizer instrument.

were

2.2. Cell culture and sorting

The J774A.1 cell line (mouse macrophages) was purchased
from European cell culture collection (Salisbury, UK). Cells
were routinely propagated in DMEM supplemented with 10%
fetal bovine serum (FBS) in non-adherent flasks (Cellstar
flasks for suspension culture, Greiner Bio One, Les Ulis,
France). For routine culture, the cells were seeded at 200 000
cells per ml and passaged two days later, with a cell density
ranging from 800000 to 1000000 cells per ml. For exposure
to plastic particles and to limit the effects of cell growth, cells
were seeded at 500000 cells per ml, allowed to settle and
recover for 24 hours, and then exposed to the particles at 40
ug ml™ for 24 hours before harvesting for the experiments.
For cells exposed to fluorescent nanoparticles, the cells

This journal is © The Royal Society of Chemistry 2022
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having internalized the particles were selected on the basis of
fluorescence by flow cytometry using a Melody cell sorter
(Becton Dickinson Biosciences, Le Pont-de-Claix, France).
When nonfluorescent plastic beads were used, the cells
having internalized the 10 um particles were selected on the
basis of light scattering, as this parameter was shown to be
related to bead internalization using fluorescent beads. The
cells were collected in 1 ml of culture medium, unless stated
otherwise.

2.3. Confocal microscopy

For confocal microscopy experiments, the cells were seeded
on glass coverslips and allowed to adhere for 24 hours prior
to the double exposure. At the end of the exposure period,
the cells were washed twice for 5 min in PBS and fixed in 4%
paraformaldehyde for 30 min at room temperature. After two
washes (5 min in PBS), they were permeabilized in Triton
X100 (0.1% w/v) for 5 min at room temperature. After two
more washes in PBS, Phalloidin-Atto 550 (Sigma) (250 nM) or
Phalloidin-Atto 390 (500 nM) was added to the cells and left
for 20 min at room temperature in the dark. Coverslip-
attached cells were washed, and cell nuclei were colored via
DAPI (1 pg ml™, Eurobio, Les Ulis, France). The coverslips
were washed twice and placed on microscope slides (Thermo
Scientific, Illkirch, France) using a Vectashield mounting
medium and imaged using a Zeiss LSM 800 confocal
microscope. The images were processed using the Image]
software.

2.4. Neutral red assay

The 100000 sorted cells were recovered by centrifugation
(200g, 5 minutes), resuspended in 100 pl of complete culture
medium, seeded in 96 well adherent plates and allowed to
settle and adhere for 24 hours. A solution containing 2 mg
ml™ neutral red in EtOH 50% was prepared. This solution
was diluted 100 fold in pre-warmed complete -culture
medium. The medium in the 96 well plates was removed and
replaced by the neutral red containing medium. After
incubation at 37 °C for 2 hours, cells were washed twice with
PBS and eluted with 200 pl of acid-alcohol solution (acetic
acid 1% v/v, ethanol 50% v/v). The plates were incubated for
30 min at room temperature on a rotating table. The red
color released was read at 540 nm.”°

2.5. Phagocytosis assay

For this assay, it was not necessary to perform cell sorting.
The cells were first exposed to the yellow-green fluorescent
particles. After 24 hours of exposure, the cells were exposed
to 0.5 um latex beads (carboxylated surface, fluorescent red
labelled, catalog number #L3280 from Sigma, Saint Quentin
Fallavier, France) for 2.5 hours. After this second exposure,
the cells were collected, rinsed twice with PBS, and analyzed
for two types of fluorescence (green and red) on a Melody
flow cytometer.

This journal is © The Royal Society of Chemistry 2022
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2.6. Cytokine release assays

The 100000 sorted cells were recovered by centrifugation
(200g, 5 minutes), seeded in 100 pl of complete culture
medium in 96 well adherent plates and allowed to settle and
adhere for 24 hours. At the end of this period, the medium
was collected, and tumor necrosis factor (TNFa) (catalog
number 558299, BD Biosciences, Le Pont de Claix, France)
and interleukin 6 (IL-6) (catalog number 558301, BD
Biosciences, Le Pont de Claix) levels were measured using the
Cytometric Bead Array Mouse Inflaimmation Kit (catalog
number 558266, BD Biosciences, Le Pont de Claix), and
analyzed with FCAP Array software (3.0, BD Biosciences)
according to the manufacturer's instructions.

2.7. Mitochondrial transmembrane potential assay

For this assay, it was not necessary to perform cell sorting.
Cells were cultivated in non-adherent 6 well plates and
exposed to non-fluorescent plastic particles for 24 hours.

For the mitochondrial transmembrane potential assay,
Rhodamine 123 (80 nM final concentration) was added to the
cultures, which were further incubated at 37 °C for 30
minutes. At the end of this period, the cells were collected,
washed in cold PBS containing 0.1% glucose, resuspended in
PBS glucose and analyzed for green fluorescence on a Melody
flow cytometer.

2.8. Surface marker assays

After exposure to non-fluorescent polystyrene beads, the cells
recovered from 6 well plates were collected, rinsed with PBS
and labelled with 200 pl of 50 fold diluted FITC-labelled anti
CD11b antibody (BD Pharmingen, catalog number #553310,
Becton Dickinson Biosciences, Le Pont-de-Claix, France) or
with 200 pl of 100 fold diluted FITC-labelled anti CD38
antibody (BD Pharmingen, catalog number #558813) in PBS
for 30 minutes at room temperature in the dark. One
milliliter of PBS was then added, and the cells were collected
by centrifugation, resuspended in PBS and analyzed for green
fluorescence on a Melody flow cytometer.

2.9. Proteomics

2.9.1. Sample preparation. After exposure to the plastic
particles, the cells were harvested by vigorous shaking of the
flasks. They were collected by centrifugation (200g, 5
minutes) and rinsed twice in PBS. They were then submitted
to cell sorting by flow cytometry, collecting 100000
fluorescence-positive cells in 1 ml of PBS. For the negative
control, the same number of cells was collected without any
selection on fluorescence. The cell suspensions were
centrifuged (200g, 5 minutes) and lysed in 15 pl of extraction
buffer (4 M urea, 2.5% cetyltrimethylammonium chloride,
100 mM sodium phosphate buffer pH 3, 150 uM methylene
blue). The extraction was allowed to proceed at room
temperature for 1 hour, after which the Ilysate was
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centrifuged (15000g, 30 minutes) to pellet the nucleic acids.
The supernatants were then stored at —20 °C until use.

2.9.2. Shotgun proteomics. For the shotgun proteomic
analysis, the samples were included in polyacrylamide plugs
according to Muller et al”" with some modifications to
downscale the process.”> To this purpose, the
photopolymerization system using methylene blue, toluene
sulfinate and diphenyliodonium chloride was used.*

As mentioned above, methylene blue was included in the
cell lysis buffer. The other initiator solutions consisted of a 1 M
solution of sodium toluene sulfinate in water and in a
saturated water solution of diphenyliodonium chloride. The
ready-to-use polyacrylamide solution consisted of 1.2 ml of a
commercial 40% acrylamide/bis solution (37.5/1) to which 100
pl of diphenyliodonium chloride solution, 100 pl of sodium
toluene sulfinate solution and 100 pl of water were added.

To the protein samples (15 pl), 5 pl of acrylamide solution
were added and mixed by pipetting in a 500 ul conical
polypropylene microtube. 100 ul of water-saturated butanol
were then layered on top of the samples, and polymerization
was carried out under a 1500 lumen 2700 K LED lamp for 2
hours, during which the initially blue gel solution discolored.
At the end of the polymerization period, butanol was
removed, and the gel plugs were fixed for 2 x 1 h with 200 pl
of 30% ethanol-2% phosphoric acid, followed by a 30 minute
wash in 30% ethanol. The fixed gel plugs were then stored at
-20 °C until use.

Gel plug processing, digestion, peptide extraction and nanoLC-
MS/MS were performed as previously described,” without the robotic
protein handling system and using a QExactive Plus mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Further
details are available in Methods S1.

For protein identification, the MS/MS data were
interpreted using a local Mascot server with the MASCOT
2.6.2 algorithm (Matrix Science, London, UK) against an in-
house database containing all Mus musculus and Rattus
norvegicus  entries from  UniProtKB/SwissProt (version
2019_10, 50313 sequences) and the corresponding 50313
reverse entries. Spectra were searched with a mass tolerance
of 10 ppm for MS and 0.07 Da for MS/MS data, allowing a
maximum of one trypsin missed cleavage. Trypsin was
specified as an enzyme. Acetylation of protein n-termini,
carbamidomethylation of cysteine residues and oxidation of
methionine residues were specified as variable modifications.
Identification results were imported into Proline software
version 2.1 (https://proline.profiproteomics.fr/) for validation.
Peptide Spectrum Matches (PSM) with pretty rank equal to
one were retained. The False Discovery Rate was then
optimized to be below 1% at the PSM level using the Mascot
Adjusted E-value and below 1% at the Protein Level using the
Mascot Mudpit score.

Mass spectrometry data are available via
ProteomeXchange with the identifier PXD031609.

2.9.3. Label free quantification. Peptide abundances were
extracted thanks to Proline software version 2.1 (https://
proline.profiproteomics.fr/) using an m/z tolerance of 10
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ppm. Alignment of the LC-MS runs was performed using
Loess smoothing. Cross Assignment was performed within
groups only. Protein Abundances were computed by sum of
peptide abundances (normalized using the median).

2.9.4. Data analysis. For the global analysis of the protein
abundance data, we first excluded all proteins identified by
only one peptide. The protein abundance data were
normalized to the sum of all protein abundances, converted
to ppb (parts per billion) and missing data were imputed
with a low, non-null value.

Proteins were considered as significantly different if their
p value in the Student T test was inferior to 0.05. No
quantitative change threshold value was applied. However, a
false discovery rate was calculated for each selected protein,
using the sequential Fisher test approach.”® The selected
proteins were then submitted to pathway analysis using the
DAVID tool,>® with a cutoff value set at an FDR of 0.1.

3. Results

3.1. Plastic particle uptake

We first checked the actual size distribution of the particles.
The measured diameters were 106.9 + 3.3 nm for the 0.1 pm
beads, 1.09 + 0.16 um for the 1 pm beads, and 9.61 + 1.21
pm for the 10 um beads (Fig. S11). The 0.1 um beads had a
zeta potential of -63.30 + 13.7 mV, the 1 um beads had a zeta
potential of -37.87 + 74.5 mV and the 10 um beads had a zeta
potential of 68.02 + 8.1 mV. We then checked that all the
particles tested were effectively internalized by the
macrophages. To this purpose, we examined cells exposed to
the various plastic particles by confocal microscopy. The
results, shown in Fig. 1, indicated an efficient uptake, even
for 10 um particles. These large particles induced
nevertheless a deformation of the cells that was not observed
for smaller particles.

3.2. Analysis of the proteomic results

A problem that was encountered for performing proteomics
is due to the fact that when the diameter of the beads
increased by 10-fold, the volume and thus the mass of the
beads increased by 1000-fold. This meant in turn that at
equal plastic mass loaded into the cultures, the number of
beads present decreased by 1000-fold. We decided to keep a
constant plastic mass across the various sizes, which meant
in turn that at the non-toxic dose of 40 ug ml™", there was
less than one 10 um bead per cell present in the culture. It
was then necessary for the proteomic experiments to resort
to cell sorting, which allowed us to select and compare only
cells that had internalized the plastic beads. Indeed, the
observed percentage of fluorescence-positive cells was 98.1 +
0.3% for the cells treated with 0.1 um beads, 97 + 1% for the
cells treated with 1 um beads, and 5.1 + 0.4% for the cells
treated with 10 pum beads. As the sorting process could
induce cellular responses per se, which may reflect in the
proteome, we submitted all cells to the sorting process prior
to the proteomic analyses, even the untreated cells.

This journal is © The Royal Society of Chemistry 2022
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Blue = Cell nucleus (DAPI)

Red = Actin (Phalloidin-Atto 550)
Yellow or green = Polystyrene beads
Z-stack

«

Z-stack

-

Z-stack

Internalization of
0.1zm plastic beads

Internalization of
1 pm plastic beads

Z-stack

«—

Z-stack

[

Internalization of
10 pm plastic beads

Fig. 1 Polystyrene bead internalization by macrophages. J774A.1 murine macrophages cells were treated with fluorescent polystyrene beads for
24 hours before fixation and examination by confocal microscopy. Blue: nucleus. Red: actin. Yellow or green: polystyrene beads.

Although performed on 100 000 cells, proteomics was able
to detect and quantify 2855 proteins (Table S1t). Proteins
modulated by the internalization of plastic particles were
selected on the basis of a T test <0.05 in the comparison of
plastic-treated cells compared to unexposed controls, which
resulted in three separate lists, one for each plastic particle
size (Tables S2-S4t). These tables indicated that the number
of modulated proteins increased with the size of the plastic
particles. While 893 proteins were modulated in cells treated
with 0.1 pm beads, 1107 were modulated by the exposure to
1 pm beads and 1113 by the exposure to 10 um beads. The
comparison of these three lists, schematized by the Venn
diagram shown in Fig. 2 and in Tables S5-S8,f showed that
594 proteins were modulated for all bead sizes. This
important proportion can be viewed as the common response
to polystyrene particles.

In order to gain further insight into the significance of the
observed changes, these 3 lists were used to perform pathway

10 ym 1pum

100 nm

Fig. 2 Venn diagram of the statistically significant changes detected
by proteomics. J774A.1 murine macrophages cells, either untreated or
treated for 24 hours with fluorescent beads of 0.1 um, 1 um or 10 pm,
were analyzed by shotgun proteomics. Proteins with a different
abundance (p < 0.05) between the bead treatments and the control
were selected and sorted by a Venn diagram.

This journal is © The Royal Society of Chemistry 2022

analyses by the DAVID software. The results of the pathway
analyses are detailed in Tables S9-S11,f respectively. The
main pathways highlighted by the DAVID software are
summarized in Fig. 3. Some highlighted pathways indicated
a global stress response (e.g. translation, proteasome,
oxidoreductases, carbon metabolism) which is expected for
any cellular stress, while other pathways appeared more
specific of cellular internalization of particles (e.g
endocytosis, lysosomes, actin cytoskeleton, innate immunity).

In addition to the results of the pathway analysis, a
manual analysis of the 3 lists was also performed to retrieve
isolated protein changes, which are discarded by pathway
analyses but may be of interest in the frame of macrophage
physiology. This analysis of the proteomic results led us to
perform validation experiments on several functions.

3.3. Mitochondria

The list of the mitochondrial proteins modulated by cell
treatment with one of the 3 plastic beads used is presented in
Table S12;f and included 109 proteins, of which 105 showed at
least one significant change. Among these, 32 were modulated by
all sizes of polystyrene beads, while an additional 4 were
modulated by the micrometric beads (1 and 10 pm) and an
additional 8 were modulated by the small beads only (0.1 and 1
pm). Of the 52 that were modulated by only one bead, 40 were
modulated by the large beads, 2 by the nanobeads only and 10 by
the 1 um beads only. The main classes of mitochondrial proteins
modulated upon exposure to polystyrene were the respiratory
complexes I and III (NADH-ubiquinone oxidoreductase and
ubiquinol-cytochrome ¢ oxidoreductase, respectively), ATP
synthase and the MICOS complex. The MICOS complex
participates in the organization of mitochondrial structure, and
aberrant mitochondrial structure is found in a range of
diseases.”® Although the changes observed in protein abundances
were usually of low magnitude for each protein, the changes
occurring on multiple subunits of the same complexes may

Environ. Sci.: Nano, 2022, 9, 2827-2840 | 2831
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Ribosomes

Endoplasmic reticulum

Plasma membrane

Pro-inflammatory mediators

in response to bacterial stimuli

@V of IL-6

® |, IL-6 and TNF
o =|L-6 and TNF

No intrinsic pro-inflammatory
effect (IL-6 and TNF)

Nucleolus
Chromatin
Nuclear pore
Nuclear envelope

@ 10 um polystyrene beads
e 1 um polystyrene beads
e 0.1 um polystyrene beads

{ Decrease
N Increase
= No difference

Fig. 3 Modified pathways observed with the proteomic study (DAVID pathway analysis). Adapted from the common Wikimedia cell diagram.

suggest a functional alteration. To test this hypothesis, we tested
the mitochondrial transmembrane potential as a proxy of
mitochondrial function. The results, shown in Fig. 4, indicated
that the transmembrane potential was increased after treatment
with 10 um beads, but did not differ significantly from the
control cells for the whole cell population treated with 0.1 pm
and 1 pm beads, as for those two bead sizes almost all the cells
had internalized beads, as demonstrated with the fluorescent
beads.

1400
1200
1000
_, 800
E 600
400
200
0 Control 0.1 gm 10pm
Fig. 4 Mitochondrial transmembrane potential analysis. J774A.1

murine macrophages cells, either untreated or treated for 24 hours
with nonfluorescent beads of 0.1 um, 1 um or 10 um, were analyzed
for their mitochondrial transmembrane potential analysis by the
rhodamine 123 accumulation method. More than 90% of the cells
were rhodamine positive for each condition. The level of rhodamine
accumulation (mean fluorescence index, MFI), used as an index of the
mitochondrial transmembrane potential, is represented (mean =
standard deviation). Statistical significance: * p < 0.05 in a two-tailed
Mann Whitney U test (N = 4).
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3.4. Endosomes, lysosomes, phagocytosis

For this important macrophage function, we gathered the
proteins selected under the “lysosome”, “endosome”, “autophagy”
and “V-type proton ATPase”. The list of the proteins falling under
these categories and whose abundance was modulated by cell
treatment with one of the 3 plastic beads used is presented in
Table S13,t and included 71 proteins, of which 67 showed at least
one significant change. Among the 11 subunits of the V-type
proton ATPase that were detected in the proteomic screen, 8
showed at least one significant change. Among the 67 modulated
proteins, 64 showed significant increases after cell treatment with
large beads, including the 8 modulated V-type proton ATPase
subunits. The only proteins that were not modulated by the large
10 um beads were Retregl (Q5FVM3), modulated by cell
treatment with 1 um beads only, and Lrpl (Q91ZX7) and Acp2
(P20611) both modulated by cell treatment with both 0.1 um and
1 pm beads. Of the 64 proteins modulated in response to
treatment with the 10 pm beads, 28 were modulated also in
response to treatment with both 0.1 pm and 1 um beads, i.e. by
all sizes tested. Another 5 proteins, ie. Eps15 (P42567), Ankfyl
(Q810B6), Atpevib2 (P62814), Rufyl (Q8BIJ7) and Apigl
(P22892), were modulated by cell treatment with both 10 um and
1 um beads. Two proteins, Lamp2 (P17047) and Slc15a3
(Q8BPX9), were modulated by cell treatment with both 10 pm
and 0.1 um beads, but not 1 um beads.

These results prompted us to carry out validation
experiments. We first checked the phagocytic ability of the
cells exposed to the polystyrene beads. To this purpose, we
exposed the cells first to green fluorescent beads of the

CLIRT3
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Fig. 5 Phagocytic capability analysis. J774A.1 murine macrophages cells, either untreated or treated for 24 hours with green-fluorescent beads of
0.1 um, 1 um or 10 um, were treated with red-fluorescent 500 nm beads (carboxypolystyrene) for 3 hours. The green fluorescence-positive cells
were tested for the internalization of the red beads. A: Percentage of double positive cells (green and red fluorescence). B: Red fluorescence mean
fluorescence index (MFI) of green fluorescence-positive cells. The data are represented as mean * standard deviation. Statistical significance: # p

< 0.1in a two-tailed Mann Whitney U test (N = 3).

various sizes for 24 hours, changed the medium, and then
exposed the cells to red fluorescent test beads of 0.5 pm
diameter to test the phagocytic activity. These experiments
were first analyzed by flow cytometry, and the results are
shown in Fig. 5. A very high proportion (>90%) of the cells
that have internalized green plastic beads were still able to
internalize the test beads, and the results were not
significantly different between the conditions tested. In order
to confirm these results, the experiments were carried out
again and analyzed by confocal microscopy. The results,
shown in Fig. 6, showed that cells that have internalized the
plastic beads are still able to internalize the test beads.

As the changes observed in the abundances of several
subunits of the vacuolar proton pump (V-type proton ATPase)
may indicate a change in the ability of the lysosomes to
acidify their interior, we checked this parameter by two series

of experiments. In the first series, the cells having
internalized green fluorescent beads were sorted by flow
cytometry, put again in culture for 24 hours and submitted to
the neutral red assay, which requires a functional proton
pump and intact lysosomes to accumulate the dye in the
cells. The results, shown in Fig. 7, showed that the neutral
red accumulation was not different between the control cells
and those treated with any of the tested beads.

3.5. Immunity-related proteins

For defining this subset of proteins, we gathered the proteins
highlighted under the “innate immunity” keyword in the
pathway analysis, to which we added the Toll-Like Receptors
(TLR) and CD antigens that were detected in the proteomic
analysis. Furthermore, we added proteins known from their

Treatment with
0.1 pm PS beads

Control

Treatment with
10 pm PS beads

Treatment with
1 pm PS beads

Blue = Cell nucleus (SytoxRed)

Green = Actin (Phalloidin-Atto 390)

Red/orange = Polystyrene beads

‘White = 0.5 #m beads (for phagocytic capacity visualisation)

Fig. 6 Confocal microscopy analysis of phagocytosis. Cells were treated as in Fig. 5, then fixed and analyzed by confocal microscopy. Blue:
nucleus. Green: actin. Red-yellow: green-fluorescent polystyrene beads. White: test red-fluorescent carboxypolystyrene beads.
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Fig. 7 Analysis of the Ilysosomal function. J774A.1 murine

macrophages cells, either untreated or treated for 24 hours with
green-fluorescent beads of 0.1 um, 1 um or 10 um, were sorted by
flow cytometry and recultured for 24 hours (100 000 cells per well in
96-well plates). They were submitted to the neutral red uptake assay.
The data are represented as mean * standard deviation (N = 4).

annotations to modulate the pathways of interest, e.g.
proteins such as leupaxin (Q99N69) or fermitin 3 (Q8K1B8),
which modulate integrin signalling®”*® or the Pycard protein
(Q9EPB4, increased by 2-fold in plastic-treated cells) also
known as Asc, which plays a role in the inflammasome,* or
accessory factors of the NADPH oxidase such as Ncf2
(070145) or Ncf4 (P97369), increased in plastic-treated cells.
In this particular process, the CD and TLR proteins were not
selected on the basis of their changes in abundances upon
cell treatment with polystyrene beads, but rather as
descriptors of the immune functions of the macrophages.
The list of the proteins falling under these categories is
presented in Table S14.f It encompassed 47 proteins, of
which 30 showed significant abundance changes upon cell
treatment with at least one of the 3 plastic beads. Among
these 30 proteins, only 2 were not modulated by the 10 pm
beads. These were integrin alpha M-CD11b (P05555), whose
abundance was changed only in response to 1 pm beads,
(30% decrease) and TLR7 (P58681), whose abundance was
changed only in response to 0.1 um beads (2.5-fold increase).

In order to get further insights into the modulation of the
macrophages’ immune functions by polystyrene beads, we
tested the surface expression of CD11b, ie. one of the
subunits of Complement Receptor 3, of CD38, used as a
marker of macrophage activation,®® and also the production
of the proinflammatory cytokines TNF( and IL-6, as the
proteomic data suggested a putative cell activation effect of
the polystyrene beads (e.g. through the induction of Pycard,
Card9, Cd2ap, Fermt3), which could however be balanced by
negative regulators such as Tnfaip8I2 (ref. 61) or Nmi.®”> The
results, shown in Fig. 8, indicated that no change in the
surface expression of CD11b was observed for the cells
treated with 100 nm and 1 pm beads and that a significant
increase (1.9-fold) was observed for the cells treated with 10
um beads (Fig. 8A). A moderate but significant increase of
the surface expression of CD38 was observed for the cells
treated with 0.1 um (1.3-fold) and 10 um beads (1.6-fold), but
not for cells exposed to 1 um beads.
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No significant increase of the secretion of TNF( and IL-6
was observed for cells treated with polystyrene beads
compared to control cells (Fig. 8C & D). Oppositely, a
reduction of the basal secretion of IL-6 was observed. We
then investigated the secretion of TNF( and IL-6 in response
to both beads' exposure and stimulation with LPS. The
results, shown in Fig. 8E & F, showed a reduction of the
secretion of TNF( in response to 0.1 pm and 1 pm beads,
which was statistically significant only for the 1 um beads.
For IL-6, the reduction was observed in response to all beads,
but was significant only in response to the 1 and 10 um
beads.

4. Discussion

Plastics are released into the environment mostly as
macroplastics, which progressively degrade into microplastics
(defined by a size <5 mm®’) and nanoplastics (defined by a
size <1 um*®*"). These small size particles can enter the food
chain and be transferred to various species, including
mammals. Besides food chain contamination, airborne
contamination has also been described.'® This poses in turn
the problem of their effects on cells. In this context,
macrophages are a cell type of high interest, as they are the
scavenger cells in charge of cleaning bodies from all
particulate materials. Noteworthily, macrophages are found
in all vertebrates and macrophage homologs (e.g. hemocytes)
are found in invertebrates, as demonstrated in the 19th
century by Metchnikoff.®#®* It is therefore not surprising that
alterations in the innate immune system have been described
in response to micrometric microplastics and nanoplastics in
annelids,®® bivalves®” and in fish.°® This should be
understood in parallel with the demonstration that plastic
particles up to 10 pm can translocate from the mammalian
intestine in the underlying immune tissue,*® by mechanisms
that are not well understood yet.”

In this general context, we aimed at bringing new
information on the reactions of macrophages to
internalization of plastic beads of different sizes. To this
purpose, we chose a proteomic approach, which is closer to
cell  physiology than  transcriptomics,”’  although
transcriptomics offers unequalled comprehensiveness and
single cell capabilities.®®

We also chose to work with polystyrene particles, as they
are not only available in controlled dimensions but are also
well represented in environmental micro and nanoplastics.®*
We also decided to work with polystyrene particles with
unmodified surfaces, as strong surface charge densities have
been shown to severely modify the cellular responses.'*
Negatively charged plastic beads are recognized by the
scavenger receptors,’> as are many negatively charged
polymers, and this may explain the effects induced by such
strongly-charged plastics.’® Regarding the dose used for the
experiments, we selected a non-toxic dose (40 ug ml™") based
on previous experiments carried out on human blood cell
lines with 0.1 um polystyrene beads>* and on the same J774

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Analysis of immune functions. In panels A and B, J774A.1 murine macrophages cells, either untreated or treated for 24 hours with non-
fluorescent beads of 0.1 um, 1 um or 10 um, were probed with a fluorescent anti-CD11b antibody (A) or an anti-CD38 antibody (B) and analyzed by
flow cytometry. All cells were positive for the fluorescent probe, and the mean fluorescence index (MFI) is used as an index of the surface
expression of A: CD11b. B: CD38. The data are represented as mean * standard deviation. Statistical significance: * p < 0.05 in a two-tailed Mann
Whitney U test (N = 4). In panels C-F, J774A.1 murine macrophages cells, either untreated or treated for 24 hours with green-fluorescent beads of
0.1 um, 1 um or 10 um, were sorted by flow cytometry and recultured for 24 hours (100 000 cells per well in 96-well plates). The culture media
were recovered and tested for the presence of TNF( and IL-6; C: TNF( secretion without final stimulation with LPS; D: IL-6 secretion without final
stimulation with LPS; E: TNF( secretion with final stimulation with LPS (100 ng ml™? for the last 18 hours in culture); F: IL-6 secretion with final
stimulation with LPS (100 ng ml™ for the last 18 hours in culture). The data are represented as mean * standard deviation. For B and C, N = 4, for
D and E, N = 3. Statistical significance (compared to control): # p < 0.1 in a two-tailed Mann Whitney U test; * p < 0.05 in a two tailed Mann
Whitney U test.

murine macrophage cell line with micrometric polystyrene
beads,”® and well below the 100 ug ml™ dose reported on
human cells.*> When discussing our results, the overall
striking trend is that the large beads (10 um) have a more
profound effect on macrophages than smaller beads. When
taking into account the cell deformation required to
accommodate such large beads, this shall not come as a
surprise, and the large number of modulated proteins related
to cytoskeleton argues in that direction. Furthermore, this
result is in line with previously-published results, especially

This journal is © The Royal Society of Chemistry 2022

on invertebrates, where micrometer sized plastics induce
more biological effects than smaller plastics.”

Regarding lysosomes, the neutral red assay, which relies
on the active pumping of the neutral red dye in acidic,
functional revealed no gross
alteration upon internalization of the plastic beads.

Regarding mitochondria, several protein modulations

lysosomes,>° lysosomal

were observed. They encompassed mainly proteins involved
in lipid metabolism (Decr1l, Acad9, Acsf2, Acot2, Acot13,
Ech1, Acadl, Acadm, Acsll, Acsl4), which were all induced.
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This suggested an increase in lipid metabolism, probably
linked to an increased energy demand for internalizing and
“handling” beads intracellularly. Proteins involved in the
maintenance of mitochondrial structure were also increased,
such as the MICOS subunits Mic13 and Mic27,>® or the
Sam50 protein.”> These changes are consistent with the
perturbations likely induced by the internalization of large
beads, which may require in turn adaptations to maintain
mitochondrial morphology. Increases were also observed for
some subunits of the respiratory complexes, such as NADH
dehydrogenase complex beta 3 and beta 5, BC1 complex
subunits 7 and 9, and cytochrome oxidase subunit 6C. In
complement to these changes, an increase was also detected
for the Lrpprc protein, which indirectly controls the synthesis
of the mitochondrially-encoded cytochrome oxidase
subunits.”® Mirroring these proteomic responses, we detected
an increase in the mitochondrial transmembrane potential in
response to exposure to 10 um beads. While a decrease in
the mitochondrial transmembrane potential is clearly a sign
of mitochondrial dysfunction, an increase is not devoid of
physiological consequences on cells. It has been
demonstrated that a high mitochondrial transmembrane
potential correlates with an increased production of reactive
oxygen species.””””® Correspondingly we observed an increase
for several proteins of the mitochondrial antioxidant system
(Gpx4, Prdx 3, Prdx 5, Txnrd2) in the proteomic screen,
suggesting a response against an oxidative stress.
Interestingly, no oxidative stress has been observed on THP1
monocytic cells*® or on Caco-2 intestinal cells’”® exposed to
0.1 um polystyrene beads, while oxidative stress has been
described for RAW264.7 macrophage cells exposed to 40 nm
polystyrene beads.**

We also investigated some immune functions of
macrophages after exposure to the polystyrene beads. First of
all, phagocytosis was unaltered after exposure to all bead
sizes. As phagocytosis is quite a complex process involving
energy expenditure, extensive membrane remodeling, cellular
movements and so on, this indicates that the cells are quite
healthy even after ingestion of the polystyrene beads.

We also evaluated in more detail some other immune
functions of macrophages such as their polarization and
their inflammatory reaction. We evaluated macrophage
polarization through the surface expression of CD38,°° used
as a marker of M1 (pro-inflammatory) activation. We
observed a weak but significant activation in response to
exposure to 0.1 pm and 10 um beads, but not to 1 um beads.
This prompted us to evaluate the secretion of the two pro-
inflammatory proteins TNF( and IL-6. We did not observe any
increase in the production of pro-inflammatory cytokines in
response to cell exposure to polystyrene. This was in
agreement with some previously-published papers also using
polystyrene nanoparticles in the 0.1 pm range,>*’* but not
with other papers using smaller nanoparticles.’® The
discrepant result between the activation seen through CD38
expression and the lack of induction of cytokine expression
may be linked to the fact that negative modulators of the
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TLR signalling such as Tnfaip8l2 (ref. 61) or NMI®* are
increased in response to exposure to polystyrene beads.

An increase in the levels of the Toll-like receptor TLR2 has
been observed in fish intestine after exposure to polystyrene
beads.®® We rather observed a small, non-significant decrease
of TLR2 in our macrophage system. This suggests that the
increase in the expression of TLR2 observed in total fish
intestine likely arises from another cell type. Nevertheless, we
observed an increase in the amounts of other Toll-like
receptors, in our case TLR7 and TLR13, in response to
macrophage exposure to 0.1 pm polystyrene beads, and also
for TLR13 in response to cell exposure to 10 um beads. This
suggested that the responses to immune challenges may be
altered in cells exposed to plastics. To check this hypothesis,
we sorted plastic-exposed cells, cultured them and exposed
them to an LPS challenge. A weakly significant decrease (p <
0.1) was observed for the secretion of IL-6 in response to all
beads. For TNF(, a weakly significant decrease (p < 0.1) was
observed in response to cell exposure to 0.1 um and 1 pm
beads, but not to 10 um beads. This suggests an altered
ability of plastic-exposed macrophages to respond to a
bacterial challenge.

In the general context of inflammation, the Pycard protein
(also known as Asc) was found strongly increased (2-fold or
more) in response to all sizes of polystyrene beads. Asc is a
component of several different types of inflammasomes,®° is
found in vertebrates including fish,*" and plays a role in the
activation of the inflammasome. Furthermore, Asc polymers
may act as a pro-inflammatory signal when released
extracellularly,®” which plays a role in the observed effects of
ambient particles on microglial cells,*> which are
macrophages located in the brain.®* Thus, the increase in Asc
expression may be a signal to further investigate for a better
understanding of the possible inflammatory impacts of
polystyrene particles.

In conclusion, the absence of toxicity of polystyrene beads
of all sizes at the concentration used suggests that the
extensive proteome changes observed are mostly adaptive
changes. This hypothesis is further supported by the fact that
despite the extensive proteome changes observed in response
to cell exposure to 0.1 pm and 1 um beads, no alteration of
the basal cell parameters (e.g lysosomal activity,
mitochondrial transmembrane potential) was detected in the
validation experiments. Nevertheless, the alterations detected
in the specialized immune functions of macrophages, and
especially the overexpression of the Asc protein and the
decreased response to a LPS challenge suggest that
polystyrene beads may affect the fine functioning of the
innate immune system and have indirect adverse effects.
Furthermore, these effects may be size dependent. Because
macrophages are able to internalize rather large micrometric
particles, they may prove more sensitive to these particles
than to smaller ones, a situation that may be different for
other, non-phagocytic cell types.

In addition, it should be kept in mind that these moderate
effects were observed on pristine particles, and are in

This journal is © The Royal Society of Chemistry 2022
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agreement with the literature."””***” However, synergistic
effects of plastic particles with adsorbed toxicants and
additives have been widely described in the literature on a
variety of systems,®*°* and this concept can be extended to
the eco-corona for macromolecules,” or to the still poorly-
known chemicals arising from plastic degradation and
especially photodegradation.”® Thus, the results described
here shall not be viewed as an argument in favor of the low
impact of environmental plastics.
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