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The internal dose makes the
poison: higher internalization
of polystyrene particles
induce increased perturbation
of macrophages

Véronique Collin-Faure, Marianne Vitipon, Anaëlle Torres †,
Ornella Tanyeres, Bastien Dalzon and Thierry Rabilloud*

Chemistry and Biology of Metals, Univ. Grenoble Alpes, CNRS UMR5249, CEA, IRIG-LCBM,
Grenoble, France
Plastics are emerging pollutants of great concern. Macroplastics released in the

environment degrade into microplastics and nanoplastics. Because of their small

size, these micro and nano plastic particles can enter the food chain and

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 innate immune system.

Using polystyrene as a model of micro and nanoplastics, with size ranging from

under 100 nm to 6 microns, we have showed that although non-toxic, polystyrene

nano and microbeads alter the normal functioning of macrophages in a size and

dose-dependent manner. Alterations in the oxidative stress, lysosomal and

mitochondrial functions were detected, as well as changes in the expression of

various surface markers involved in the immune response such as CD11a/b, CD18,

CD86, PD-L1, or CD204. For each beads size tested, the alterations were more

pronounced for the cell subpopulation that had internalized the highest number of

beads. Across beads sizes, the alterations were more pronounced for beads in the

supra-micron range than for beads in the sub-micron range. Overall, thismeans that

internalization of high doses of polystyrene favors the emergence of subpopulations

of macrophages with an altered phenotype, which may not only be less efficient in

their functions but also alter the fine balance of the innate immune system.

KEYWORDS

microplastics, polystyrene, macrophages, oxidative stress, mitochondria, integrins
1 Introduction

The technical properties of plastics (light weight, mechanical resistance, resistance to

water) has promoted their wide use in a myriad of products, resulting in annual production

figures amounting in a fraction of a gigaton (1). A huge proportion of these plastics

(estimated to 500Mt/year (2)) ends up in the environment, and progressively enter the food
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chain (3) as the plastics degrade into micro and nanoplastics. This

eco-contamination of food products e.g. seafood, superposes to

direct abrasion of plastic food containers and packaging to

contaminate humans. The current plastic ingestion is estimated to

be up to 5g of plastic particles per week (4). Indeed, microplastics

have been observed in human feces (5), but also in human tissues

such as lungs (6), liver (7) or placenta (8). This poses in turn the

question of how the human body defends itself against plastics, and

what physiological reactions these plastic particles induce.

In this context the innate immune system sensu lato (i.e.

including the epithelial barriers) plays a major role in protecting

the body against plastic particles. As ingestion is the first

contamination route that has been identified, many studies have

focused on intestinal effects of plastic, both using in vivo (9) and in

vitromodels (e.g. in (10–12)). In this respect, it has been shown that

a fraction of the plastic particles coming into contact with the

intestinal barrier are able to translocate through it, reaching deeper

organs such as liver, kidney (9) blood (13) or placenta (8).

Once particles have crossed the first line of defense of the body,

such as epithelial barrier or the upper airways filters, macrophages

represent the second line of defense. They capture almost any type

of particular material, up to 10µm in diameter (14, 15), to minimize

the contamination of the rest of the body to particulate material,

helping at the homeostasis of the whole body (16). Indeed,

macrophages are found at many critical locations such as the liver

(Kupffer cells), lymphoid organs (spleen and lymph nodes),

alveolae, gastrointestinal tract, dermis and brain (microglia).

Macrophages respond to the particles that they internalize, and

alter their physiology according to the nature of the particles. The

most canonical examples are the responses to bacteria on the one

hand and apoptotic bodies on the other hand, which induce what is

called macrophage polarization in different final physiological

states, respectively called M1 (for bacteria) and M2 (for apoptotic

bodies) (see (17) for review). These states are characterized by

various markers (18, 19), including (but not limited to) surface

markers such as CD38 for the M1 state (18) and CD204 for the M2

state (20, 21). This opens the question of the reaction that plastics

may trigger on macrophages. Previous studies have shown that

polystyrene, for example, induces a weak pro-inflammatory

phenotype (22, 23), and alters the phenotype of pre-polarized

macrophages (24).

These effects have been shown to be plastic concentration-

dependent (22, 23). More recently, results on the effects of

polystyrene beads of different sizes on macrophages have

suggested that some effects may be dependent on the amount of

plastic internalized by the cells (25). We have therefore decided to

investigate this concept further, and tried to determine if the cell

population heterogeneity leads to different reactions to the exposure

to micro or nanoplastics. The underlying question is to determine if,

upon exposure to micro or nanoplastics, a subpopulation of

macrophages acquires new characteristics that may, on the long

term, alter the response of the innate immune system.

This question is a general one for many, if not all, biopersistent

particles, which are eliminated very slowly from the body. After

their capture by macrophages, they are released upon the death of

the macrophages and recaptured by new macrophages, ensuring
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their persistence in the body. This has been shown to occur with

Kupffer cells (26), but also with dermal macrophages, the latter

mechanism ensuring the persistence of tattoos over the lifetime

(27). Consequently, if some particles, in our case plastic particles,

skew the phenotype of the macrophages that have internalized

them, this skewing may persist over time in the body and thus alter

the homeostasis of the innate immune system. Such an effect has

been demonstrated in vivo with titanium dioxide (28, 29), and

recent results obtained in vitro suggest that this may happen with

other mineral persistent particles (30).

We therefore decided to investigate how macrophages respond

to the ingestion of plastic particles. As the plastic source, we decided

to use polystyrene. Polystyrene is used for manufacturing items

used for food of beverage consumption, and is known to represent a

fair proportion of the amount of plastics found in the environment

(31). It is also known to degrade into nanoplastics (32), and even

seems to be more prevalent in the nanoplastic fraction than in the

microplastic one (33). It is commercially available as beads of

different sizes, which is important as nano and microplastics

coming from large plastics erosion of fragmentation cover a wide

range of sizes too (33). We decided to cover sizes from 70nm in

diameter to up to 7µm, as particles of a few micrometers in size have

been shown to be able to cross the intestinal barrier, although with a

low efficiency (10, 34–36).
2 Material and methods

2.1 Plastic particles

Fluorescent spherical plain polystyrene particles (d=1.05) were

used. Skyblue-dyed polystyrene particles were purchased from

Spherotech with nominal diameters of 40-90 nm (catalog number

#FP-00570-2), 0.7-0.9µm (catalog number #FP-00870-2), 1.7-2.2

µm (catalog number #FP-02070-2), 2.5-4.5 µm (catalog number

#FP-04070-2), and 6-8 µm (catalog number #FP-6068-2). These

particles were excited at 561 nm and their fluorescence read at 695

nm. The chemical composition of the beads was verified by

FTIR spectroscopy.

For size characterization, the Spherotech bead suspensions were

diluted in water to 100µg/ml. For the observation and measurement

by optical microscopy (micrometric particles, 0.7µm and higher) we

used a graduated slide and 20µl of the diluted suspension was

deposited on it. A representative picture was taken for each of the

suspensions, then the size of the beads were measured using the

ImageJ software compared with the known distance between the

graduations of the slide. The size of the nanometric particles (40-90

nm) (by dynamic light scattering) and the zeta potential were

measured with a Malvern zeta sizer (parameters: Smoluchowski F

(Ka) model, polystyrene latex material, 25°C, in water). For each

suspension, 3 measurements were performed to avoid bias due to

sedimentation. The size of the nanometric beads was measured with

the DLS program of this instrument, and 3 measurements

were performed.

For characterization of the behavior of the particles in culture

medium over time, the Spherotech bead suspensions were diluted in
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complete culture medium (DMEM+ 10% serum, filtered through a

0.22µm pore size filter) at 100µg/ml (0.7-0.9 µm beads) or 20µg/ml

(other beads sizes) and incubated at 37°C for 24 hours. The beads

were then characterized by the same optical methods as

described above.
2.2 Cell culture and exposure

The J774A.1 cell line (mouse macrophages) was purchased from

European cell culture collection (Salisbury, UK), and used at

passage numbers 5-15 post reception from the repository. 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/ml and

passaged two days later, with a cell density ranging from 800,000

to 1,000,000 cells/ml. For exposure to plastic particles and to limit

the effects of cell growth, cells were seeded at 500,000 cells/ml, let

settle and recover for 24 hours, and then exposed to the particles at

20µg/ml for 24 hours before harvesting for the experiments. For

some experiments, colloidal silica particles (50 nm fromMicromod,

#43-00-501, used at a 50 µg/ml concentration) were used as a model

of particles inducing a pro-inflammatory response (37).

For assessing the persistence of the particles in the cells, they

were seeded in adherent 12-well plates at 300,000 cells/ml in

DMEM supplemented with 1% horse serum, in order to limit

their proliferation (38). After adaptation to the medium for 72

hours, they were exposed to the plastic particles for 24 hours at a

concentration of 20 µg/ml. The particle-containing medium was

removed, half of the wells were harvested and analyzed by flow

cytometry to determine particle uptake. The remaining cells were

cultivated in DMEM supplemented with 1% horse serum for an

additional 9 days without splitting, and with a culture medium

change every 2 days. The cells were then harvested and analyzed by

flow cytometry. In order to normalize for the cell number, a cell

numeration was performed on the harvested cells in each well.
2.3 Confocal microscopy

For confocal microscopy experiments, the cells were seeded on

glass coverslips and let 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, 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) (200 nM) or Phalloidin-Atto 390 (500 nM) was added to

the cells and let for 20 min at room temperature in the dark.

Coverslips-attached cells were washed, and cell nuclei were colored

via DAPI for 5 minutes at room temperature, protected from light

(1µg/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
Frontiers in Immunology 03
Zeiss LSM 880 confocal microscope. The images were processed

using the ImageJ software.
2.4 Assays for mitochondria and lysosomes

For the mitochondrial transmembrane potential assay,

Rhodamine 123 (Rh123) was added to the cultures at a 80 nM

final concentration, 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 the green fluorescence (excitation 488 nm

emission 525nm) on a Melody flow cytometer. As a positive

control, butanedione monoxime (BDM) was added at a 30mM

final concentration together with the Rh123 (39). As a negative

control, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

(FCCP) was added at 5µM final concentration together with the

Rh123 (39).

For the lysosomal function assay, the Lysosensor method was

used. After exposure to plastic beads, the medium was removed, the

cell layer was rinsed with complete culture medium and incubated

with 1µM Lysosensor Green (Molecular Probes) diluted in warm

(37°C) complete culture medium for 1 hour at 37°C. 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 the

green fluorescence (excitation 488 nm emission 540nm) on a

Melody flow cytometer.
2.5 Assay for oxidative stress

For the oxidative stress assay, a protocol based on the oxidation

of dihydrorhodamine 123 (DHR123) was used. After exposure to

plastic beads, the cells were treated in PBS containing 500 ng/ml

DHR123 for 20 minutes at 37°C. The cells were then harvested,

washed in cold PBS containing 0.1% glucose, resuspended in PBS

glucose and analyzed for the green fluorescence (same parameters

as rhodamine 123) on a Melody flow cytometer. Menadione

(applied on the cells for 2 hours prior to treatment with

DHR123) was used as a positive control in a concentration range

of 25-50µM.
2.6 Cell surface markers

Cells were seeded into 12-well plates at a concentration of

1,000,000 cells/ml, and exposed to the plastic particles as described

above. For some experiments, LPS was then added at a

concentration of 100 ng/ml 6 hours after the exposure to plastic

particles. The following day, the cells were harvested and washed in

PBS containing 3% FBS and 0.016% (w/v) sodium azide (PBS-fluo).

The cells were then treated with the fluorochrome-conjugated

antibodies at the adequate dilution for 30 minutes on ice in PBS-

fluo in a final volume of 100µl. The cells were then washed with 2ml

of PBS. The cell pellet was taken in 400 µl of PBS containing 1 µM
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Sytox blue for checking cell viability, and the suspension analyzed by

flowcytometryonaMelodyflowcytometer.First, live cells (Sytoxblue-

negative) were selected at 450 nm (excitation at 405 nm). The gated

cells were then analyzed for the beads fluorescence (excitation 561nm

emission 695 nm) and for the antibody fluorescence (excitation 488

emission 527 nm for FITC or A488 labelled antibodies or excitation

561 nm emission 582 nm for PE-conjugated antibodies). Isotypic

control antibodies were used to compensate for non-specific binding.

The following antibodies were used:
Fron
CD11a-FITC (BD-Pharmingen #553-120) dilution 1/100

CD11b-FITC (BD-Pharmingen #553-370) dilution 1/50

CD18-FITC (BD-Pharmingen #553-292) dilution 1/200

CD74-FITC (BD-Pharmingen #561-941) dilution 1/25

CD86-FITC (BD-Pharmingen #553-691) dilution 1/50

CD204-A488 (Invitrogen #53-2046-82) dilution 1/50

MARCO-FITC (R&D systems #FAB2956F) dilution 1/25

MHC1-PE (BD-Pharmingen #566-776) dilution 1/100

MHC2-FITC (Invitrogen #11-5321-82) dilution 1/25

PD-L1-A488 (BD-Pharmingen #566-864) dilution 1/100
For TLR7 (conjugated to PE, BD-Pharmingen #565-557), the

cells were collected after exposure to the plastic beads, washed with

PBS, and then fixed and permeabilized with the BD cytofix-

cytoperm kit (#554715). The cells were incubated with the anti-

TLR7 antibody diluted to 1/50 for 30 minutes on ice. The cells were

then washed with the permeabilization buffer, resuspended in PBS

and analyzed by flow cytometry as described above.
3 Results

3.1 Particle characterization

The results of the beads characterization are presented in

Table 1 and in Supplementary Figure 1. The zeta potential was

negative for all the latex beads with similar values, ranging from -49

to -67mV with important standard deviation. This means that the

affinity of the macrophages shall not be different whatever the size

of the beads, and the possible difference of internalization

throughout the conditions is likely due to the size of the latex

bead. The size of the nanometric beads was determined around 72
tiers in Immunology 04
nm with a low polydispersity index, in line with the specifications of

the supplier. The FTIR spectra were consistent with previously

published spectra for polystyrene (40). The images used for

characterization by optical microscopy are presented in

Supplementary Figure 2.

Control experiments showed that the fluorophore leakage in the

medium over the 24 hours incubation period was negligible (less

than 1%, Supplementary Table 1).

In order to study the potential aggregation of the beads in the

culture conditions, the sizing experiments were repeated after a 24

hours incubation in complete culture medium and the results are

presented in Table 2. No important aggregation of the beads could

be detected at any size. The small increase in the average diameter

detected for some beads (e.g. in the 40-90 nm range) can be

explained by the formation of a protein corona on the beads.
3.2 Particle internalization and persistence
in macrophages

We then checked if the particles were internalized by

macrophages and if they were persistent over time. To this

purpose we first used flow cytometry, and measured for each well

the number of cells, the proportion of cells having internalized

beads (phagocytic cells) and the mean fluorescence (MFI) of the

phagocytic cells. These measurements were carried out immediately

after a 24 hours exposure to the plastic beads or after the same

exposure followed by a 9 days recovery period. The results are

presented in Table 3, and show that the fluorescence is almost

constant when comparing cells just after exposure and cells after the

nine days recovery period.

Indeed, there was a decrease in the MFI for the cells after the

nine days recovery period, but this was compensated by the increase

of the cells numbers in the wells, indicating that the decrease in MFI

could be explained by signal dilution due to particles sharing during

mitosis. A slight increase in signal observed when comparing the

fluorescence after recovery to the one immediately after exposure,

but this change was not statistically significant, except for the largest

beads where the proportion of phagocytic cells is very low.

As flow cytometry may detect surface-adsorbed beads as well as

internalized beads, we checked this aspect by confocal microscopy.

The results, shown in Figure 1, indicated that beads were

essentially internalized.
TABLE 1 Latex beads characterization in water, with a Malvern zeta sizer or by optical microscopy.

Spherotech SkyBlue beads in water Nominal size range DLS (nm) Microscopic observation (µm) zeta potential (mV)

40-90 nm 71.8 ± 5.0 N/A -48.87 ± 11.2

0.7-0.9 µm N/A 0.94 ± 0.17 -53.9 ± 34.8

1.7-2.2 µm N/A 2.02 ± 0.22 -62.83 ± 10.4

2.5-4.5 µm N/A 3.3 ± 0.39 -54.47 ± 13.9

6-8 µm N/A 6.06 ± 0.98 -66.5 ± 19.3
DLS, Dynamic light scattering; N/A, non-applicable.
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3.3 Subpopulations with different particle
loadings

When performing the experiments with flow cytometry on bead

uptake, we became aware that the distribution of the fluorescence in

cells exposed to skyblue plastic particles was very wide. This

suggested that after exposure the cellular population contained

subpopulations differing importantly in the amount of

internalized plastic particles (Figure 2).

This implied in turn that the physiological response of these

subpopulations may also be different. To investigate this possibility,

we decided to divide the population of cells having internalized

plastic particles into three subpopulations of cells showing low,

medium and high fluorescence after exposure to plastic

particles (Figure 2).

This implied in turn that the physiological response of these

subpopulations may also be different. To investigate this possibility,

we decided to divide the population of cells having internalized
Frontiers in Immunology 05
plastic particles into three subpopulations of cells showing low,

medium and high fluorescence after exposure to plastic

particles (Figure 2).

These subpopulations were set to encompass one third of the

phagocytic cells each. Their mean fluorescence, which is an index of

the amount of plastic internalized for each subpopulation, are

reported in Table 4 for a representative experiment for each

bead size.

These data showed that each phagocytic subpopulation

internalized ca. twice as much plastic than the previous

subpopulation in the order P+<P++<P+++. This wide

distribution of cel ls was observed for several plastic

concentrations (Supplementary Figure 3), showing that the

variability in plastic beads internalization is an intrinsic property

of the wide cell population. We therefore used the lowest

concentration (20µg/ml) as the one offering no toxicity while

maintaining an acceptable (albeit low) proportion of phagocytic

cells for large beads. We also checked by confocal microscopy that
TABLE 3 Beads internalization and persistence over time.

Cell numeration D1 (in million
cells) MFI D1

%phagocytic cells
D1

total fluorescence for phagocytic cells in one
well D1

CTL 1.45 ± 0.14 0 4.47 ± 0.16 0

40-90 nm beads 1.30 ± 0.14 882 ± 77 99.13 ± 0.55 1137 ± 159

0.7-0.9 µm beads 1.35 ± 0.04 8246 ± 835 93.25 ± 1.64 10393 ± 983

1.7-2.2 µm beads 1.12 ± 0.28 3223 ± 63 50.43 ± 1.55 1822 ± 409

2.5-4.5 µm beads 1.01 ± 0.30
39082 ±
1055 23.54 ± 0.85 9354 ± 3123

6-8 µm beads 0.90 ± 0.15
31381 ±
1316 9.47 ± 1.26 2651 ± 409

Cell numeration D10 (in million
cells) MFI D10

%phagocytic cells
D10

total fluorescence phagocytic for cells in one
well D10

CTL 2.63 ± 0.20 0.0 6.20 ± 0.54 0

40-90 nm beads 2.39 ± 0.41 592 ± 28 94.16 ± 1.15 1341 ± 281

0.7-0.9 µm beads 2.59 + 0.40 5354 ± 399 85.95 ± 1.51 11964 ± 2323

1.7-2.2 µm beads 2.23 ± 0.36 2405 ± 108 37.39 ± 4.40 1999 ± 357

2.5-4.5 µm beads 2.22 ± 0.30
32133 ±
432 16.73 ± 0.83 11885 ± 1333

6-8 µm beads 2.23 ± 0.35
22607 ±
748 9.27 ± 0.90 4705 ± 1150
TABLE 2 Latex beads characterization in water, with a Malvern zeta sizer or by optical microscopy.

Spherotech SkyBlue beads in culture medium Nominal size range DLS (nm) Microscopic observation (µm)

40-90 nm 90 ± 6.63 N/A

0.7-0.9 µm N/A 0.87 ± 0.07

1.7-2.2 µm N/A 2.66 ± 0.49

2.5-4.5 µm N/A 3.32 ± 0.31

6-8 µm N/A 6.39 ± 0.86
DLS, Dynamic light scattering; N/A, non-applicable.
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the increase in fluorescence shown by the different subpopulations

corresponded to an increase in the number of internalized beads

(Supplementary Figure 4).
3.4 Phagocytosis

As the cells greatly varied in their ability to internalize the

plastic beads, we checked how this internalization impacted their

phagocytic ability. To this purpose, we first exposed the cells to the

red-fluorescent plastic beads for 24 hours, then to green-fluorescent

beads for 3 or 24 hours. At the end of this exposure scheme, we

tested both the percentage of cells having internalized green beads,

i.e. actively phagocytic cells, and the green fluorescence intensity of

these cells, linked to the number of green beads internalized. The

results, shown in Figure 3, showed first that the cells having

internalized the largest amounts of plastic beads were also more

active for phagocytosis than control, unexposed cells (Figure 3A),

except for cells exposed to large beads (>6µm), where the activity

was equivalent to the one of the control. It shall be kept in mind that

this index corresponds to the proportion of cells that were able to

phagocytize the green beads in only 3 hours, i.e. highly active cells.
Frontiers in Immunology 06
When cells were exposed for a longer time (24 hours) to the green-

fluorescent beads, thus reflecting the ability of already particles-loaded

cells to internalize new beads as in a repeated exposure, it could be

noticed that cells that have internalized a low number of red beads in

the first round are also able to internalize a lesser amount of the green

beads in the second round of exposure. Conversely, cells that have

internalized a high number of red beads in the first round are also able

to internalize a higher amount of the green beads in the second round

of exposure. This phenomenon was also dependent on the size of the

beads internalized during the first round of exposure. Cells having

internalized beads in the 0.7-2.2 µm range, i.e. the size range of bacteria

and yeasts, were more efficient at internalizing a second round of

particles than cells having internalized beads of lower (40-90nm) or

higher (>2.5 µm) size.
3.5 Lysosomes, mitochondria,
oxidative stress

Using this subdivision strategy, we first tested general

physiological parameters such as lysosomal integrity,

mitochondrial transmembrane potential and oxidative stress.
FIGURE 1

Latex bead uptake observed by confocal microscopy. J774A.1 were exposed to beads for 24 hours. Representative picture of the polystyrene beads
internalization, Z-stack reconstitution. (A) Control cells, without bead exposure (B) Cells exposed to 40-90 nm beads (C) Cells exposed to 0.7-0.9
µm beads (D) Cells exposed to 1.7-2.2 µm beads (E) Cells exposed to 2.5-4.5 µm beads (F) Cells exposed to 6-8 µm beads. Nucleus is colored in
blue (SytoxBlue), actin is colored in green (atto390), beads are in red (Skyblue).
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FIGURE 2

distribution of the fluorescence observed by flow cytometry on cells exposed to polystyrene beads of different sizes. The total population having
internalized plastic beads is designated as Phago. It is subdivised in three thirds, graded by their fluorescence from Phago+ to Phago+++, except for
the largest beads (6-8 µm), where only 7% of the cells are phagocytic and thus grouped in only one population. The distribution of the fluorescence
is shown in the diagram of the figures by different colors. The population of the cells that have not internalized beads after 24 hours of exposure is
designated as Phago-. The increase in this subpopulation with increasing bead size is due both to the fact that larger beads are more difficult to
internalize and to the fact that at a given concentration, the number of beads decreases when beads size increases. For example, at the
concentration of 20µg/ml used in the experiments, there is only 1 bead for 10 cells for 7µm diameter beads, 1.3 bead per cell for 3µm diameter
beads and 4.5 beads per cell for 2µm diameter beads.
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TABLE 4 Mean Fluorescence induced by internalized plastic beads for each subpopulation.

Mean Fluorescence

beads size P- Mean P P+ P++ P+++

40-90 nm 261.4 2866.5 1264.4 2234.1 5051.9

700-900 nm 44.3 21155.9 7573.2 17927.7 38225.1

1.7-2.2 µm 43.1 4487.4 1507.9 3330.9 8563.1

2.5-4.5 µm 42.8 47922.2 22695.2 38153.4 84067.4

6-8 µm 43.2 451.3 NA NA 451.3
F
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NA, not applicable.
FIGURE 3

Phagocytic activity. The cells were exposed to plastic beads of different sizes for 24 hours, and finally for 3 (A, B) or 24 hours (C) to 1µm green-
fluorescent beads. They were then analyzed by flow cytometry, gated for the plastic beads red fluorescence first and then analyzed for the green
fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized beads (P). Solid bars:
subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells showing the highest beads
fluorescence (P+++). Color code:Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange: cells exposed to 700-900
nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to 6-8 µm beads; Dotted line:
value of negative control (unexposed cells); Number of experimental replicates: 5. Data are represented as mean+standard deviation. *: p<0.05
(Student T test), mean value lower than control cells. †: p<0.05 (Student T test), mean value higher than control cells. (A) Percentage of green
fluorescence-positive cells (3 hours second exposure) (B) Mean fluorescence index of green fluorescence-positive cells (3 hours second exposure)
(C) Mean fluorescence index of green fluorescence-positive cells (24 hours second exposure). All cells were positive for green fluorescence.
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Lysosomal integrity was tested with the Lysosensor probe,

which senses intralysosomal pH. Thus, the fluorescence depends

both on the lysosomal integrity (no leakage) and on the proper

functioning of the proton ATPase to acidify the lysosomes. The

results, shown in Figure 4, indicated clearly that the more plastic

internalized, the higher the Lysosensor signal.

In more detail, it can be noticed that the weakly phagocytic cells

(low bead fluorescence) and the phagocytosis-negative cells in

beads-exposed cells had a lower Lysosensor signal than the

control cells. The value increased to higher-than-control values in

strongly phagocytic cells (high bead fluorescence) with a trend of

increasing signal with increasing bead size.

For the total phagocytic population (P bars in the histograms),

no significant influence of the bead size could be detected, except for

the largest (6-8µm) beads, which showed a higher lysosomal signal

than control cells.

We also tested the mitochondrial potential as a marker of the

mitochondrial function. The results, shown in Figure 5, indicated

clearly that the more plastic internalized, the higher the Rhodamine

123 fluorescence signal. As we work at low, non-quenching

concentration, a higher signal indicated a higher transmembrane

potential. This interpretation was confirmed by the signals obtained

with the mitochondrial inhibitors, FCCP (a proton decoupler)

inducing a lower transmembrane potential and a lower

Rhodamine 123 signal.

For the total phagocytic population (P bars in the histograms),

an influence of the bead size could be detected, but only for large

(>2.5µm) beads, which showed a higher signal than control cells.

In more detail on the different subpopulations, it can be noticed

that the weakly phagocytic cells (low bead fluorescence) and the

phagocytosis-negative cells in beads-exposed cells had a lower

Rh123 signal than the control cells, but only for low-size beads

(lesser than 1 micron). The value increased to higher-than-control

values in strongly phagocytic cells (high bead fluorescence) with a

trend of increasing signal with increasing bead size, reaching values

close to the ones of the positive control (cells treated with

butanedione monoxime).

We then tested the oxidative stress response of the cells exposed

to plastic beads. The results, shown in Figure 6, indicated clearly
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that the more plastic internalized, the higher the DHR123 signal.

For the total phagocytic population (P bars in the histograms), it

could be noted that both the very small (40-90 nm) and the large

beads (>2.5µm) induced a higher oxidative stress signal that in

control cells, while on average, medium size beads (0.7-2.2 µm) did

not show this effect.

In more detail on the different subpopulations, it can be noticed

that the simple presence of the largest beads (6-8µm) in the culture

well is sufficient to induce a weak but significant oxidative stress.

The weakly phagocytic cells (low bead fluorescence), and the

phagocytosis-negative cells in 1.7-2.2 µm beads-exposed cells

showed a lower DHR123 signal than the unexposed cells.

Conversely, the strongly phagocytic cells (high bead fluorescence)

showed a DHR123 signal higher than unexposed cells (1.5 fold on

average), to be compared with the 2.4 fold increase in DHR123

signal induced by a treatment with 25µM menadione and the 10

fold increase induced by a treatment with 50µM menadione.
3.6 Surface markers

We the tested more specific responses of macrophages to

polystyrene beads of different sizes through the analysis of surface

markers. For surface markers, two aspects were tested. First the

percentage of cells that were positive for the antigen examined, and

then the intensity of the labelling for positive cells, through the

Mean Fluorescence Index (MFI).

3.6.1 Integrins
We tested the integrins CD11a, CD11b and CD18. First as

integrins they contribute to the adhesion of macrophages. Second

the CD11b/CD18 dimer forms complement receptor 3, while the

CD11a/CD18 dimer forms the LFA antigen. The results, shown on

Figure 7, indicated a small (-25-30%) but statistically significant

decrease in the proportion of CD11a and CD18 only for highly

fluorescent cells exposed to micrometric (1.7-4.5µm) beads, and

also for CD11a for cells having phagocytized large (6-8 µm) beads.

Conversely, a small (+25-30%) but statistically significant increase

was observed in the proportion of CD11b-positive cells for highly
FIGURE 4

Lysosomal function, measured with the Lysosensor indicator. The cells were exposed to plastic beads of different sizes for 24 hours, and finally for 1
hour to the Lysosensor probe. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then analyzed for the
Lysosensor fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized beads (P).
Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells showing the
highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange: cells
exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to 6-8
µm beads; Dotted line: value of negative control (unexposed cells); Number of experimental replicates: 5. Data are represented as mean+standard
deviation. *: p<0.05 (Student T test), mean value lower than control cells. †: p<0.05 (Student T test), mean value higher than control cells.
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fluorescent cells exposed to submicrometric and micrometric (0.7-

4.5µm) beads, but neither for nanometric beads nor for large

(>6µm) beads.

Regarding the labelling intensity, reflecting the amount of

antigen detectable on the cell surface, a small (-20-25%) and

sometimes statistically significant decrease was observed in

CD11a and CD11b levels for cells showing low or intermediate

beads fluorescence, while the cells showing high beads fluorescence

showed CD11a and CD11b levels almost identical or slightly higher

(+15%) to those of control cells (for CD11b). CD18 levels were

always increased in plastic beads-treated cells compared to control

ones, the increase reaching +50% for the cells showing high beads

fluorescence. When taking into account the global phagocytic

population (P bars in the histograms), no significant change

could be detected on the proportion of CD11a, CD11b or CD18-

positive cells. A slight significant decrease in the labelling intensity

of CD11b-positive cells could be detected, but was close to constant

over the entire beads size range. The situation was different for

CD18. All the beads induced an increase in the surface labelling for

CD18. However, this increase was more pronounced for beads in

the 1.7-4.5 range than for smaller (40-900 nm) and larger (6-8 µm)

beads. When compared to the labelling intensity shown by cells
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exposed to 40-90 nm beads, cells exposed to 1.7-2.2 µm beads and

cells exposed to 2.5-4.5µm beads showed a significantly (p>0.05 in

Student T test) higher (respective MFI ratio 1.21 and 1.18) labelling

intensity. This trend was produced by the low fluorescence

population, which surface labelling increased respectively by a

factor of 1.28 and 1.35 compared to the one showed by the low

fluorescence population in cells exposed to 40-90 nm beads.

3.6.2 Antigen presentation
As we observed modulations in cell surface molecules involved in

antigen presentation (e.g. CD86) in cells exposed to amorphous silica

(41), we decided to test such molecules in the response to plastic

particles. The results, shown on Figure 8, indicated no significant

change for CD74, i.e. the invariant chain of MHC2, neither in the

percentage of CD74-positive cells nor in the MFI of surface CD74.

For CD 86, the plastic particles alone induced an increase in the

percentage of CD86-positive cells for small beads (<1µm), which

disappeared for larger beads and seemed to reappear for very large

beads (>6µm, although at a statistically not significant level

(p=0.06). Regarding the MFI of the CD86-positive cells, it was

decreased by 20-30% for poorly phagocytic and non-phagocytic

cells, and here again the effect was less pronounced for larger beads.
FIGURE 6

Cellular oxidative stress, measured with the dihydrorhodamine 123 (DHR123) indicator. The cells were exposed to plastic beads of different sizes for
24 hours, and finally for 30 minutes to the Rh123 probe. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then
analyzed for the Rh123 fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized
beads (P). Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells
showing the highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange:
cells exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to
6-8 µm beads; Dark blue: cells exposed to menadione for 2 hours; Dotted line: value of negative control (unexposed cells); Number of experimental
replicates: 5. Data are represented as mean+standard deviation. *: p<0.05 (Student T test), mean value lower than control cells. †: p<0.05 (Student T
test), mean value higher than control cells.
FIGURE 5

Mitochondrial transmembrane potential, measured with the Rhodamine 123 indicator. The cells were exposed to plastic beads of different sizes for
24 hours, and finally for 30 minutes to the Rh123 probe. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then
analyzed for the Rh123 fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized
beads (P). Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells
showing the highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads.; Light orange:
cells exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to
6-8 µm beads; Dark blue: cells exposed to butanedione monoxime (BDM) for 30 minutes; Dark green: cells exposed to FCCP for 30 minutes;
Dotted line: value of negative control (unexposed cells); Number of experimental replicates: 5. Data are represented as mean+standard deviation.
*: p<0.05 (Student T test), mean value lower than control cells. †: p<0.05 (Student T test), mean value higher than control cells.
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FIGURE 7

CD11a/CD11b/CD18 surface expression. The cells were exposed to plastic beads of different sizes for 24 hours, and finally tested for the surface
expression of the CD11a/CD11b/CD18 integrins. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then
analyzed for the conjugated antibodies fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells
having internalized beads (P). Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence
(P+) to cells showing the highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads;
Light orange: cells exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells
exposed to 6-8 µm beads; Dotted line: value of negative control (unexposed cells); Number of experimental replicates: 5. Data are represented as
mean+standard deviation. *: p<0.05 (Student T test), mean value lower than control cells. †: p<0.05 (Student T test), mean value higher than control
cells. (A) Percentage of CD11a-positive cells (B) Mean fluorescence index of CD11a-positive cells (C) Percentage of CD11b-positive cells (D) Mean
fluorescence index of CD11b-positive cells (E) Percentage of CD18-positive cells (F) Mean fluorescence index of CD18-positive cells.
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FIGURE 8

CD74/CD86 surface expression. The cells were exposed to plastic beads of different sizes for 24 hours, and finally tested for the surface expression
of CD74 and CD86. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then analyzed for the conjugated
antibodies fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized beads (P).
Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells showing the
highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange: cells
exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to 6-8
µm beads; Dark blue: cells exposed to colloidal silica; Dark green: cells exposed to LPS; Dotted line: value of negative control (unexposed cells);
Number of experimental replicates: 5. Data are represented as mean+standard deviation. *: p<0.05 (Student T test), mean value lower than control
cells. †: p<0.05 (Student T test), mean value higher than control cells. (A) Percentage of CD74-positive cells (B) Mean fluorescence index of CD74-
positive cells (C) Percentage of CD86-positive cells (D) Mean fluorescence index of CD86-positive cells (E) Percentage of CD86-positive cells when
treated with LPS and plastic particles (F) Mean fluorescence index of CD86-positive cells when treated with LPS and plastic particles.
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When the cells were co-treated with LPS and plastic beads, in

order to mimic a bacterial challenge occurring together with the

exposure to plastics, an increase in the proportion of CD86-positive

cells was observed for cells treated with LPS alone. Because this

percentage was very high and very stable (98 ± 1%), the 10%

decrease observed when cells were co-treated with LPS and plastic

beads appeared statistically significant. The MFI of the positive cells

was slightly reduced for non-phagocytic cells and for poorly

phagocytic cells, and increased above the control level for highly

phagocytic cells. In general, the MFI for CD86 in cells co-treated

with LPS and plastic beads increased when the beads size increased.

3.6.3 PAMPS/DAMPS
As we observed modulations in some cell surface molecules

involved in molecular patterns recognitions (e.g. TLR7 or CD204)

upon exposure to polystyrene beads through a proteomic screen

(25), we investigated this phenomenon into more detail. The results,

shown on Figure 9, indicated an increase in the TLR7 fluorescence

for highly phagocytic cells, and this increase propagated to lesser

phagocytic cells for large beads (>3µm). A clear influence of the

beads size could be detected on the global phagocytic cell

population (P bars in the histograms). An increase was noted for

beads higher than 1µm in diameter, which became statistically

significant for large (>2.5µm) beads.

For CD 204, the high variability of the percentage of positive

cells made the results difficult to interpret. However, the intensity of

fluorescence (MFI) decreased by 20-30% for non-phagocytic and

poorly phagocytic cells, and increased to above control values (by

15%) only for highly phagocytic cells and small nanoparticles. The

fluorescence intensity also decreased by 30% for cells exposed to

nanosilica (positive effect control). No significant change could be

detected at the level of the global phagocytic population.

For cells co-treated with plastic beads and LPS, the same type of

response was observed. In this case, however, highly phagocytic

cells reached MFI values higher than control ones by 20-30% for all

beads sizes.

3.6.4 PD-L1
The PD-L1 ligand, expressed at the surface of macrophages

among other cell types (42), plays an important role in the control

of the immune response (43). We thus decided to investigate if and

how it was modulated in response to plastic beads. The results,

shown on Figure 10, indicated an increase in both the percentage of

PD-L1 positive cells and of the fluorescence intensity of the positive

cells (MFI), except for cells exposed to 0.7-0.9 µm particles, for

which an increase was observed only for the most phagocytic cells.

The response appeared correlated with the amount of plastic

internalized, as it was dependent on both the beads size and on

the phagocytic index, as measured from the fluorescence of the

internalized beads.

When taking into account the total phagocytic population (P

bars in the histograms), a clear U-shape curve could be detected at

both levels (percentage of positive cells and extent of surface

labelling). Both small (40-90 nm) and large (>1.7µm) particles

showed higher signals than control cells, and the signals increased
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with particle size, with a small final decrease for very large (6-

8µm) particles
4 Discussion

Because of their industrial activities (e.g. mining, construction

work), lifestyle (e.g. tattooing) and the pollution that they generate

(e.g. fossil fuels combustion, plastic pollution) humans (among

other species) are more and more exposed to particulate materials.

In the body, professional phagocytes of the innate immune system

and among them macrophages, are at the frontline to cope with

these particulate materials (e.g (27, 44–46).). Even if the immune

system is known to be resilient, coping with particulate materials

can lead to pathological conditions through various mechanisms,

such as overload (e.g (47, 48).) or chronic inflammation such as in

silicosis or asbestosis (e.g (49, 50). It is thus quite important to

understand how macrophages react to the various types of

particulate materials that they may encounter.

Compared to soluble substances, particulate materials offer a

number of peculiarities. Because of their size, they cannot diffuse

easily, so that local/gradient effects are more pronounced than for

soluble substances. In the same trend, because they cannot enter

passively into cells, they are actively taken up by various cellular

processes such as pinocytosis or phagocytosis. These peculiarities,

combined with the intrinsic variabilities that always exist in cellular

populations, lead to the concept that a population of cells exposed

to a particulate material may finally produce subpopulations that

have internalized variable amounts of particles. This may explain

the focal presentation of particles-associated pathologies such as in

silicosis (49, 51).

We thus decided to investigate if such subpopulations may exist

when a population of macrophages is exposed to nano- or

microplastics of different sizes, and if these subpopulations would

show different phenotypes in response to these various

concentrations of internalized plastics. The data obtained by flow

cytometry showed (i) that the population of cells having

internalized fluorescent plastic beads was widely distributed in the

fluorescence signal, (ii) that this distribution decreased in amplitude

when the size of the beads increased, and (iii) that the splitting of

the population in three equally populated subpopulations showed a

narrow median zone and two more dilated extreme zones,

indicating a gaussian (peak)-like distribution. All these features

are consistent with a model where particles are unevenly

distributed. As the size of the particles decreases, the ease of

internalization increases and the number of particles available per

cell (at a fixed mass concentration) increases. This explains why the

spreading of the fluorescence is higher for small beads than for

larger ones.

Once this subpopulation sorting scheme was validated, we first

investigated general cellular parameters, in relation with what is

already known for plastic particles or for other specific particulate

materials such as silica. For example, we tested part of the lysosomal

function with the Lysosensor probe. As this probe is pH sensitive

(more fluorescent with a lower pH), this tested the amount of
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FIGURE 9

TLR7/CD204 surface expression. The cells were exposed to plastic beads of different sizes for 24 hours, and finally tested for the expression of TLR7
and the surface expression of CD204. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then analyzed for the
conjugated antibodies fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized
beads (P). Solid bars: subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells
showing the highest beads fluorescence (P+++). Color code: Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange:
cells exposed to 700-900 nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to
6-8 µm beads; Dark blue: cells exposed to colloidal silica; Dotted line: value of negative control (unexposed cells); Number of experimental
replicates: 5. Data are represented as mean+standard deviation. *: p<0.05 (Student T test), mean value lower than control cells. †: p<0.05 (Student T
test), mean value higher than control cells. (A) Mean fluorescence index of cells for TLR7 (all cells were positive) (B) Percentage of CD204-positive
cells (C) Mean fluorescence index of CD204-positive cells (D) Percentage of CD204-positive cells when treated with LPS and plastic particles (E)
Mean fluorescence index of CD204-positive cells when treated with LPS and plastic particles.
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functional lysosomes, i.e. intact lysosomes with an active proton

pump. The results were very logical, with non-phagocytic and

poorly phagocytic cells showing a lower lysosomal activity than

control (untreated) cells and highly phagocytic cells showing a

higher lysosomal activity than control cells. Interestingly, the

fluorescence value increased for larger (>3µm) beads, and

decreased for very large beads (>6µm) were only one or two

beads can be internalized by a single cell.

We then tested the mitochondrial transmembrane potential, as

an indicator of the general oxidative metabolism. We observed a

slightly reduced potential (-20% compared to control) for poorly

phagocytic cells, but this reduction was low compared to the

reduction produced by a true uncoupler such as FCCP (-60%).

Interestingly, we observed an increased mitochondrial potential for

highly phagocytic beads, generalizing a previous observation made

on large polystyrene beads (25). This increase was more present for

larger beads, as it was observed for all phagocytic cells for beads

larger than 3µm. It was also comparable in intensity to the increased

brought by a classical positive compound (butanedione monoxime)

(39). This is an important observation, as an increased

mitochondrial transmembrane potential is known to correlate

with an increased oxidative stress (52, 53).
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This prompted us to investigate the oxidative stress induced in

macrophages by plastic particles. The trend paralleled the one

observed for the mitochondrial potential, with highly phagocytic

cells and cells exposed to larger beads showing an increased level of

reactive oxygen species. The levels reached (x1.3-1.5 fold compared

to control cells) were lower than those reached for the positive

control (x2.4-9.4 fold), but it should be kept in mind that such levels

are lethal to cells in a few hours, while the cells exposed to plastics

have survived a 24 hours exposure to the plastic beads. An increase

in reactive oxygen species has also been observed for

carboxypolystyrene (22), while we used here plain polystyrene.

An increase in reactive oxygen species has also been described for

very small plain polystyrene nanoparticles (40nm) (23).

Macrophages being exceptionally resistant to oxidative stress,

this increase may prove not deleterious to macrophages themselves.

However, it is also known that hydrogen peroxide can be detected

extracellularly in inflammation (54, 55). This extracellular hydrogen

peroxide may impact in turn the surrounding tissue, as known for

silicosis (56). As nanoplastics have been detected in lungs (6), this

oxidative stress may prove a point of attention. Similarly, as plastic

particles have been shown to translocate through the intestinal

barrier (10, 11), they are likely to be captured by the intestinal
FIGURE 10

PD-L1 surface expression. The cells were exposed to plastic beads of different sizes for 24 hours, and finally tested for the surface expression of PD-
L1. They were then analyzed by flow cytometry, gated for the beads fluorescence first and then analyzed for the conjugated antibodies
fluorescence. Dotted bars: cells having internalized no beads (P-). Hatched bars: total population of cells having internalized beads (P). Solid bars:
subpopulations of beads-positive cells, ranked left-right from cells showing the smallest beads fluorescence (P+) to cells showing the highest beads
fluorescence (P+++). Color code:Pink: cells unexposed to beads; Blue: cells exposed to 40-90 nm beads; Light orange: cells exposed to 700-900
nm beads; Green: cells exposed to 1.7-2.2 µm beads; Purple: cells exposed to 2.5-5.5 µm beads; Grey: cells exposed to 6-8 µm beads; Dotted line:
value of negative control (unexposed cells); Number of experimental replicates: 5. Data are represented as mean+standard deviation. *: p<0.05
(Student T test), mean value lower than control cells. †: p<0.05 (Student T test), mean value higher than control cells. (A) Percentage of PL-L1-
positive cells (B) Mean fluorescence index of PD-L1-positive cells.
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macrophages. The ensuing oxidative stress may play a role in the

observed and reactive oxygen species-dependent intestinal

dysfunction observed after plastic ingestion (57). Finally for this

point, the oxidative stress appears to be plastic dose-dependent. As

we have shown here that plastic particles are not eliminated from

macrophages over time, the final immune effects may be dependent

on the overall time of exposure to plastics (and thus on the final

plastic dose).

We then tested a panel of various surface markers, chosen on

the basis of previous observations made on other particles types. For

example, in the case of tattooing, pigmented cells were observed in

lymph nodes (58), leading to the suspicion that pigments loaded

macrophages may migrate from the tattoo site to the draining

lymph node. As this migration may be linked with the integrin

status of the macrophages, which has been found to be altered in

pigments-loaded macrophages (30), we probed the surface level of

the integrins of the CD11/CD18 family. We did not observe large

effects in the proportion of CD11/CD18 positive cells after exposure

to plastic particles. However, the results need to be commented

in detail.

When paired with CD18, CD11b forms complement receptor 3

(59), and plays a role in innate immunity though various

mechanisms (e.g. in (60, 61)). We observed that cells having

internalized large amounts of beads in the 0.7-4.5µm range

showed a higher proportion of CD11b-positive cells and a higher

surface expression of this marker. The effects were subtle (+25-30 in

the proportion of positive cells, +15% in the surface expression) but

we do not know what range of change is relevant in an in vivo

context. Interestingly, cells of low phagocytic activity showed a

reduced surface expression of CD11b (-25-50%). These contrasting

effects suggest that different perturbations of the immune system

may occur depending on the total plastic loading of the cells and on

the plastic particles sizes.

In addition, the proportion of CD18-negative cells increases

from 40% in control cells to 54-59% for the highly phagocytic cells

and for large particles (>1.5µm) only. This result is further

reinforced by the results obtained on CD11a, which forms the

LFA-1 integrin when paired with CD18 (62). As for CD18, the

proportion of CD11a-negative cells increased from 40% in control

cells ca. 60% for the highly phagocytic cells and for large particles

(>1.5µm) only.

Moreover, a decrease in the surface expression of CD11a (-20-

30%) was observed for CD11a-positive cells having phagocytized a

moderate amount of beads, while for the cell population detected as

CD18-positive, exposure to plastic beads lead to a small but

significant increase (+15-70%) in CD18 surface expression, as

previously described for amorphous silica (41).

As CD18 is able to pair with several alpha integrin chains, these

results suggest a slightly lower surface expression of the LFA-1

integrin on cells having internalized plastic beads. As LFA-a is

involved in T cell activation (63), these results suggest a lowered

ability of plastic loaded cells to activate T lymphocytes.

This conclusion is further reinforced by the data obtained on

PD-L1. Both the proportion of PD-L1-positive cells and the surface

expression of PD-L1 were increased for cells having internalized a

high amount of plastic beads, either as a high number of small beads
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or as larger beads, even in a smaller number. As PD-L1 is known to

slow down T cell responses (43), it appears that all our data

converge in shaping a picture where plastic-loaded macrophages

are less able to stimulate T cells, with a plastic dose-

dependent response.

Beside their general functions on T cell activation, macrophages

can also interact with T cells through their antigen presentation

function. Previous work on antigen-presenting cells such as

dendritic cells have shown that some nanomaterials, such as

silica, are able to activate dendritic cells by themselves (64, 65). it

was therefore of interest to determine whether a similar situation

was encountered with plastic particles. We thus investigated the

surface expression of CD74, i.e. the invariant chain of MHC2, and

of the co-activator CD86. In these experiments and based on the

knowledge existing on dendritic cells, we used nanosilica as a

positive control. Indeed silica increased the proportion of CD74-

positive cells and the one of CD86-positive cells. However, the

proportion of CD74-positive cells was not significantly modified in

response to plastic particles. In contrast, the proportion of CD86-

positive cells was slightly increased, but only for cells having

internalized low-size beads (sub-micron) or for the most

phagocytic cells having internalized beads of ca. 2µm.

Internalization of larger beads did not produce this effect. The

surface expression of CD86 for positive cells followed a complex

trend, in which a slight decrease was observed for cells having

internalized a limited amount of plastics (i.e. low phagocytic cells

and small plastic beads), while the value increased for cells having

internalized larger beads and was higher than the control value for

the most phagocytic cells and large (3µm) beads. This represented

the basal state induced by plastic beads internalization, but we

decided to investigate the interference of the ingestion of plastic

beads with the response induced by bacterial compounds, e.g. LPS.

As expected, LPS induced a major increase in the proportion of

CD86-positive cells, from 66% to 98%. This proportion was slightly

(but statistically significantly) lowered in the case of co-exposure to

plastics and LPS, but the decrease was minimal (from 98% to ca.

90% for sub-beads up to 2µm, and 80% for 3µm beads). In this co-

exposure scheme, the surface expression of CD86 followed the same

trend than without LPS, but with higher values, so that the most

phagocytic cells showed a higher expression (+25-50%) than in the

control cells, reaching the same values than those obtained for

silica-LPS co-exposure.

Finally, we also investigated some of the PAMPS/DAMPS

surface receptors. We focused on TLR7, as we found it increased

at the proteomic level in our previous work on polystyrene particles

(25), but also on CD204, also known as Scavenger Receptor 1.

CD204 is known to have a wide scope of anionic ligands (66), and it

is likely to be involved in the massive particle uptake (67) and

activation processes demonstrated with strongly negatively charged

plastic particles on macrophages (22, 24, 68) and dendritic

cells (69).

As TLR7 is mostly intracellular (70), we did not focus on its

surface expression but on its overall expression in cells. All cells

were positive for TLR7 expression, so that we focused on its

quantitative expression. Once again the value seemed to depend

on the amount of internalized plastics: lower than the control for
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non or moderately phagocytic cells and small particles (sub-

micron), higher than the control (+30-90%) for highly phagocytic

cells and/or large plastic beads. As the interaction of TLR7 with its

endogenous RNA ligands has been shown to play a role in arthritis

(71, 72), this result suggests that cells heavily loaded with plastic

particles may become able to generate inflammatory responses

more easily upon secondary stimulation with TLR7 ligands and

thus favor this type of inflammatory responses. Indeed, prolonged

arthritic responses have been observed in mice exposed orally to

microplastics (73), in line with our results.

Although CD 204 preferentially binds strongly anionic

particles, the polystyrene particles that we used showed a negative

surface potential and thus may behave as CD204 ligands, justifying

to investigate this particular molecule, which is also considered as a

marker of the M2 macrophage polarization state (20).

First, we investigated the evolution of the surface expression in

response toplastic beads alone. Thepercentage ofCD204-positive cells

was quite variable from one culture to another, so that statistically

significant results could not be obtained. The fluorescence value for

positive cells was however much more stable, and led to the classical

scheme of lower-than-control values for poorly phagocytic cells,

increasing for cells with a higher phagocytosis. Nevertheless, only

highly phagocytic cells exposed to nano beads (70nm) reached MFI

values higher than the control.

Then we exposed the macrophages to both plastic beads and

LPS. The same trends were observed as for cells exposed to plastic

beads alone, but with stronger effects, so that highly phagocytic cells

reached higher-than-control MFI values for all beads types except

the largest ones.

As for other markers examined, this surface expression profile

suggested variable physiological effects depending on the amount of

plastic beads internalized, and also variable responses to LPS (and

thus to bacterial infections) with variable amounts of

internalized plastics.
5 Conclusions

When taken collectively, our results show that cells heavily

loaded with plastic particles show a number of disturbances that

may impact their function and beyond, the immune system

homeostasis and the homeostasis of the surrounding tissue. For

example, the mitochondrial dysfunction and the associated

oxidative stress may impact the surrounding tissue by exposing it

to higher-than-normal values of reactive oxygen species. The cells

heavily loaded with plastics also express lower levels of the LFA-1

integrin and higher levels of PD-L1, suggesting an overall TAM-like

phenotype and thus an altered function of the immune system.

These findings shift the key question on whether such heavily

plastic-loaded macrophages can exist in vivo. This question arises

from the fact that plastic contamination is clearly a low-dose,

repeated contamination, so that accumulation in macrophages

requires a number of conditions. The first condition is of course

that plastics are not degraded in the macrophages, which we

showed, as least for the polystyrene studied here.
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There are however means to eliminate permanent particles, as

shown for the respiratory exposure to some metallic particles (e.g. in

(74, 75)). In this case, the elimination proceeds via the mucociliary

escalator, by which particles-loaded macrophages are eliminated as

a whole from the body, and replaced by new, particles-free

macrophages. With the now known dynamics of alveolar

macrophages (76), this elimination process may proceed either by

asymmetrical mitosis (77, 78), leading to a heavily loaded daughter

cell that is eliminated and a less loaded cell that is kept in place, or

by eliminating the original macrophage as a whole and replacing it

by a monocyte-derived one.

This process requires however that the particle is not too toxic

to the macrophages and small enough to be eliminated. Such

counter examples exist for example for asbestos, which fibers are

too large to be eliminated with single macrophages, or for

crystalline silica and beryllium, which are too toxic for

macrophages (79–81), so that they die in situ and are replaced by

new macrophages. During this process pro-inflammatory cytokines

and reactive oxygen species are liberated (80–82), which created the

tissue damaging situation leading to the pathology.

The favorable situation represented by the mucociliary

escalator (or its equivalent) does not exist in all body locations

where macrophages are present. The most spectacular counter

example is represented by dermal macrophages and tattoos, where

the short-lived, pigment-loaded dermal macrophages die in situ,

liberating the pigment particles that are recaptured by fresh

macrophages, leading to the permanence of the tattoo (27).

Quite interestingly, dermal or intramuscular injection of

persistent particles leads to detection in distal organs, and this

has been observed for tattoos and for other particles (58, 83) It is

not known yet whether this presence of particles in distal organs

comes from:

-particles that have not been captured by the proximal

macrophages upon their entry in the body, have been carried out

in the lymph and have reached secondary lymphoid organs where

they have been captured

-particles that have escaped one of this liberation-recapture

cycles and have been recaptured distally

-migrating particles-loaded macrophages. Interestingly, it has

been observed that plastic particles increase the chemotactic

mobility of macrophages (22), and that macrophages entering

the blood flow can relocate to several macrophages-rich

organs (84).

The fact that plastic particles cross the intestinal barrier (10, 34,

85) can be found in distant organs upon oral administration (e.g. in

(86, 87) argues in favor of a situation close to the one encountered

for dermal macrophages. This correlates with the short lifespan of

intestinal macrophages (88), comparable to the one of dermal

macrophages (27), and opposite to the long lifespan of alveolar

macrophages (89). It is thus likely that by a combination of regular

intake and negligible elimination, an increasing population of

highly plastic-loaded macrophages may appear upon time and

regular ingestion of micro and nano plastics, with the potential

deleterious consequences involved by the changes described in

this study.
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