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Abstract

Humans can be exposed to nano-and microplastics (NMP’s) via diet, inhalation, and possibly
dermal routes, but the risk of such exposure to human health is unclear. Phagocytes are possible
targets of NMP’s exposure, with the potential to impact human health. Thus, the aim of this thesis
was to assess if NMP exposure leads to the inflammatory activation of monocytes and
macrophages. To do this, we used polydisperse secondary NMPs: polymethyl methacrylate
(PMMA), polystyrene (PS), and polyvinylchloride (PVC) generated from different sources and the
THP-1 cell line, undifferentiated and differentiated as a substitute for primary monocytes, and
macrophages respectively.

We assessed the cytotoxicity of the NMPs in monocytes and macrophages using viability assays.
After 72 h of exposure at the highest particle concentration, all three NMPs reduced the
macrophage viability, whereas monocyte viability was only affected by PS. The internalization of
NMP’s by macrophages was determined using confocal microscopy, and we demonstrated the
uptake of all three NMP types as early as 30 min after exposure. To assess pro-inflammatory
responses in macrophages, we measured NF-kB translocation, expression of genes associated with
M1 polarization (CCL2, TNFa, IL-12), and released cytokine levels (TNFa, IL-6). While
stimulation with the known pro-inflammatory stimulus lipopolysaccharide (LPS) triggered NF-«B
translocation, M1 macrophage polarization, and the release of TNFa and IL-6, none of the NMPs
did, when given at the highest concentration for equivalent or longer time period. Exposure to
NMP’s during M1 macrophage polarization using IFNy + LPS, however, suppressed TNFa
release, and during M1 polarization using IFNy alone, suppressed both TNFa and IL-6 release. In
monocytes similar to macrophages, we did not observe an increase in TNFa or IL-6 in response to

NMPs alone, but the exposure during LPS-stimulation suppressed TNFa and IL-6 release.

In summary, we showed that the NMPs tested were internalized by THP-1 derived macrophages
yet did not trigger pro-inflammatory responses. Exposure to NMPs during pro-inflammatory
stimulation of macrophages or monocytes instead inhibited cytokine release, and we thus conclude
that, in certain situations, NMPs exposure could suppress immune cell activation. Given that our

results in THP-1 cells contradict the effects shown in primary immune cells, the findings should



be used with caution. However, the potential for NMPs to suppress immune cell activation merits

further investigation.
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1 Introduction

1.1. Microplastics — a serious issue

Plastics is one of the most prominent human-made products, pervading the earth’s environment in
the Anthropocene [1]. Plastic debris is becoming a major environmental concern. It is estimated
that 250 million tons of plastic will accumulate in the ocean by 2025 [2]. According to Geyer and
colleagues, 8.3 billion MT of virgin plastics were manufactured until 2017 [3]. If the existing
manufacturing and waste disposal policies are maintained, around 12 billion tons of plastic waste
would be present in landfills and nature by 2050. Consequently, plastic is a persistent
environmental pollutant [3, 4]. Large quantities of plastics released into the environment
accumulate and degrade into tiny micro- (1-1000 um) [5] and nanosized (< 1 um) particles [6],
which are often referred to as microplastics (MP) and nano plastics (NP). Some microplastics are
produced for specific applications, such as exfoliants (microbeads) in personal care products.
These plastics and microfibers from machine-washed clothing are released into the environment

through wastewater effluent, amongst others [7].

Polyethylene (PE), polypropylene (PP), and polystyrene (PS) are the most widely manufactured
polymers, with some of them being manufactured intentionally as microplastics with particle
diameters < 5mm [8]. They are referred to as primary microplastics and are mainly used in
cosmetics, personal care products, and cleaning agents [9]. These fragments enter the marine world
through sewage systems, surface runoff, and atmospheric deposition [10]. Environmental factors
such as UV radiation, saltwater, and marine biota decompose larger plastic items disposed into the
ocean, accounting for 60-80% of all plastic litter. They are known as secondary microplastics [6,
11]. The most commonly observed polymers are PE, PP > PS > PVVC > polyethylene terephthalate
(PET) > polyamide (PA) > polyesters, and PMMA [12].

Majorly, the primary and secondary microplastics are known to enter the food webs from the
environment, and therefore humans can be exposed [13]. In general, there is a paucity of
information on human susceptibility to nano-and microplastics (NMPs) and their health
consequences [14]. According to the European Food Safety Authority (EFSA), information on the

toxicity, toxicokinetics, and prevalence of microplastics in food is still lacking [8].



1.1.1. Microplastic exposure and human health

Humans can be exposed to microplastics via airway or gastrointestinal epithelia, and various
absorption and translocation pathways, such as endocytosis and persorption, have also been
identified. [15].

NMPs can enter the human body through three main routes: internalization, inhalation, and dermal
uptake [16]. NMPs having a particle size < of 6 um can move through the intestinal wall of rodents
and translocate into the lymphoid system, resulting in lymph node contact [17]. In the lungs, the
NMPs are phagocytized by resident macrophages of the innate immune system, as often they get
trapped in the pulmonary mucous [18]. The NMPs ingested by the macrophages are eliminated
from the lung by mucociliary processes or transported to lymph nodes when < 7 pum [18, 19].
Although NMP absorption through the skin appears to be limited, some studies have reported that
NMPs having a particle size of < 500 nm can enter via hair follicles and get transported to lymph
nodes [20, 21]. From lymph nodes, NMP (< 7 um) can be transported to the spleen, liver, and
kidneys through the circulatory system [22, 23]. NMPs can interact with various immune cells in
the process, including lymphocytes (T cells and B cells), monocytes, dendritic cells, macrophages,

and neutrophilic granulocytes [24].

The effects of microplastics are less well-understood than their distribution and retention in the
human body. However, some preliminary studies have shown a few potentially harmful effects,
including elevated inflammatory responses, size-related toxicity of plastic particles, chemical
transmission from adsorbed chemical compounds, and degradation of the gut microbiome [7].
Physical properties of these particles such as size, shape, surface charge, functional groups,

buoyancy, and hydrophobicity can influence the absorption of the microplastics [25, 26]

The potential for the immune system to respond to NMP exposure can be investigated in
macrophages. Macrophages are an essential part of the innate immune system, as they are
responsible for detecting and removing foreign objects that pass through the epithelial barrier. As
this happens, intestinal macrophages engage in respiratory burst action, triggering pro-or anti-

inflammatory responses and releasing inflammatory cytokines.



1.2. Monocytes and macrophages — key players of the innate immune system

The innate immune system is the primary line of defense invading against pathogens and
comprises various mechanisms from physical barriers to cellular components. After recognizing a
pathogen, the innate system activates a broad immune response [27] consisting of a collection of
effector cells: phagocytic, epithelial, and endothelial cells, natural killer cells, innate lymphoid

cells, and platelets to prevent infection.

Phagocytic cells include monocytes, dendritic cells, macrophages, and granulocytes (i.e.,
eosinophils, neutrophils, basophils, and mast cells) [28]. In response to inflammation, the
mononuclear phagocyte system (MPS) represents a set of leukocytes, circulating in the blood as

monocytes and residing in the tissues as macrophages [29].

1.2.1. Monocytes

Monocytes are leukocytes that originate in the bone marrow and circulate in the spleen and blood.
They are immune effector cells armed with chemokine receptors and pattern recognition receptors
(PRRs), which enable them to recognize "danger signals"” and migrate from blood to tissues to help
the elimination of infection [30]. However, in response to infection and injury, monocytes can
proliferate. The functions of monocytes include phagocytosis and antigen presentation, chemokine
secretion, and after being recruited to tissues, monocytes can differentiate into both macrophages
and dendritic cells [31].

Monocytes have a variety of receptors that monitor and sense changes in the environment. They
are highly plastic and heterogeneous, and as they come into contact with a foreign body, they alter

their functional phenotype by differentiating as inflammatory or anti-inflammatory sub-types [32].

In recent studies, human monocytes are classified into three subsets by the expression of surface
markers CD16 and CD14 [33]. The classification of these subsets and their particular functions in
homeostasis and inflammation is not well defined. About 80-90% are commonly known as
“classical monocytes,” which express significant levels of CD14, lack surface expression of CD16,
and are phagocytic with no inflammatory characteristics [34]. The rest 10-20% of human
monocytes are divided into two subtypes: “non-classical monocytes” which are more abundant,

exhibiting low surface CD14 expression but high CD16 levels and showing inflammatory



characteristics, and “intermediate monocytes” which have a high-level expression of both CD14
and CD16 surface markers [33, 35].

1.2.2. Macrophages

Macrophages are native phagocytic cells found in both lymphoid and non-lymphoid tissues. They
have a wide range of pathogen-recognizing receptors, which participate in phagocytosis and
activation of inflammatory cytokine production. They are considered essential in steady-state
tissue homeostasis for the growth factor production and clearance of apoptotic cells [36]. Unlike
monocytes, macrophages are terminally differentiated cells but have similar functions,
contributing to the phagocytosis of pathogens and toxins, and chemokines secretion for recruiting
other immune cells. In addition, macrophages can act as antigen-presenting cells (APC) [37],

migrating via the lymphatics to the lymph nodes for presenting the processed antigen [31].

Activation of macrophages occurs in two ways. The first is known as “classical” or “M1”
activation, which results in a pro-inflammatory phenotype. In response to extracellular or
intracellular pathogens through PRRs, M1 macrophages up-regulate inducible nitric oxide
synthase and secrete pro-inflammatory chemokines and cytokines. They often use MHC class Il
to present antigen, which leads to inflammation, granulocyte recruitment, and a Type-1 helper (Th-
1) T cell response [31]. The “alternative” or “M2” activation is more diverse. M2 macrophages
secrete histamine in response to IL-4 and IL-13 during an allergic response or parasitic infection,
promoting killing and encapsulation of parasites and a Type-2 helper (Th-2) T cell response [38].
These macrophages can down-regulate the initial inflammatory response and promote
inflammatory resolution, activating the tissue healing and fibrosis beyond the domain of the

pathogen response. Thus, M2 activation is also known as an anti-inflammatory phenotype [39].

Notably, the characterization of M1/M2 activation classification is likely too binary. The
macrophage activation states are defined better in response to various stimuli, with responses
varying from pro-inflammatory to anti-inflammatory [40].

Upon pathogen recognition by the innate immune receptors and activation of macrophages, a
signal is generated to communicate with the nucleus. This signal results in the elevated expression
of adhesion molecules and cytokines, which depends on the activation of several inducible
transcription factors, such as nuclear factor-kappa B (NF-xB) [41]. It plays a significant role in
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regulating gene transcription, which is involved in inflammatory responses, mainly pro-

inflammatory [42, 43].

1.3. THP-1 cell line — a human monocyte in vitro model

THP-1 is a human leukemic monocytic cell line isolated from the peripheral blood of a one-year-
old boy who suffered from acute monocytic leukemia [44] that has been broadly used to study
monocyte and macrophage biology. According to early research, THP-1 cells have morphological
and functional properties similar to primary monocytes and macrophages, including macrophage
differentiation markers [45, 46]. When THP-1 macrophages are stimulated with
lipopolysaccharide (LPS), they express CD14, MD2, and MyD88 genes, which are necessary for
LPS signaling in vivo [47]. This cell line has been a standard model for predicting the monocyte

and macrophage behavior [48].

Advantages of using THP-1 cells over primary monocytes include a high growth rate, low risk of
viral infections, and sustaining with the same characteristics for 3 months. Furthermore, the cells
have a homogeneous genetic inheritance, reducing the degree of variability in the cells” phenotype
[48].

In many experiments, LPS is used to simulate bacterial infection in THP-1 cells. Like primary
macrophages, the cells can polarize, inducing a change in gene expression and the release of
cytokines such as TNFa, IL-10, IL-1B, IL-6, and IL-8 in response to LPS. The effects of
medications and natural products on macrophage function have been studied using this method
[49].



1.4. Differentiation of THP-1 monocytes to macrophages

Cell adherence, high phagocytic behavior, and expression of dependent cell surface markers such
as CD14, CD36, CR3 (CD11b/CD18), and TLR-2 can all be used to regulate THP-1 macrophage
differentiation [48].

Treatment with phorbol-12-myristate-13-acetate (PMA), 1,25-dihydroxyvitamin D3 (vD3, also
known as calcitriol), or macrophage colony-stimulating factor (M-CSF) have all been used to
successfully differentiate THP-1 cells from monocytes to macrophages [48, 50, 51]. However, M-
CSF is known to work better for differentiating the early monoblasts into monocytes before their
release into the peripheral blood. As a result, it is more commonly used for the in vitro

differentiation of bone marrow-derived monocytes into macrophages [52, 53].

PMA is shown to be the most effective differentiation agent for obtaining mature THP-1
monocyte-derived macrophages, similar to peripheral blood mononuclear cell (PBMC) monocyte-
derived macrophages [34, 35] (Figure 1.1). Following stimulation with PMA, THP-1 cells may
develop macrophage characteristics: they adhere to culture plates, change their morphology to flat
and amoeboid in shape with developed Golgi apparatuses, rough endoplasmic reticula, and large
numbers of ribosomes in the cytoplasm [46].

Other studies have determined that a concentration of 100 ng/ml PMA was sufficient for complete
differentiation of THP-1 monocytes to macrophages and that higher PMA concentrations may
trigger undesirable responses, especially responses derived from the activation of NF-kB [49].

Additionally, it was shown that resting the differentiated macrophages in culture media without
PMA for at least 24 h increased the expression of macrophage-specific marker genes and decreased
NF-kB gene clusters that were up-regulated during the PMA-induced differentiation [47].
Daigneault et al. demonstrated that differentiation with 200 nM PMA for 3 d followed by 5 d in
culture media with no PMA increased the macrophage markers expression, including
differentiation-dependent cell surface markers with a comparable pattern PBMC-monocyte related
macrophages [50].



THP-1 cells differentiated using 100 nM vD3 for 3 d were shown to be less comparable to PBMC
monocyte-derived macrophages in terms of phagocytic activity and production of IL-18 and TNFa
than THP-1 macrophages differentiated with 200 nM PMA for 3 d [50, 54].

- PMA 3 days
v%r% —lly

Figure 1.1. Differentiation of THP-1 monocytes into macrophages using PMA for 3 d. The monocytes show well-
developed and structured organelles with greater adherence. The image shows (@) undifferentiated and (b)
differentiated THP-1 cells with morphological changes induced by PMA treatment. This image is obtained using
optical and transmission electron microscopy. Figure from Francesca Gatto et al. [55]

1.5. Polarization of macrophages

In vivo, macrophages are plastic and heterogeneous cells, which polarize differentially in response
to specific stimuli and tissue localization. Different CD** T cell subsets, among other cell types,
are essential regulators of macrophage differentiation into different phenotypes in vivo. Interferon-
gamma (IFNy) stimulation produces M1 macrophages, which are classically activated, while
stimulation with IL-4, IL-13, and IL-10 produces M2 macrophages, which are alternatively
activated (Figure 1.2) [56-58].



Characterization of differential phenotypes is understood based on observations that M1
macrophages play a role in producing pro-inflammatory cytokines production and provide host
defense against microbes and promote tumor regression [59] by triggering a Th1-driven immune
response [60]. During M1 activation, the expression of TNFa, IL-6, IL-8, IL-1p, and IL-12 genes,
as well as PRRs like NOD-like receptors (NLRs) and Toll-like receptors (TLRs), is up-regulated
[56]. Alternatively, M2-type macrophages stimulate a Th2-driven immune response [40], which
aids in resolving parasite infections, tissue modeling, immune modulation, allergy, and tumor
progression [61]. The M2 activation is characterized by the release of anti-inflammatory cytokines
IL-10,CCL1, CCL22,CCL16,CCL17,CCL18, and CCL24 and expression of arginase-1 mannose
scavenger receptors [62].

M2 macrophages are categorized into three subsets: M2a, which is induced by IL-4 or IL-13; M2b,
induced by immune complexes (IC)/TLR-agonists or IL-1 receptor; and M2c, which is induced by
IL-10 [62]. Mantovani et al. proposed that these M2 subtype traits are linked to particular roles

such as pathogen destruction, immune modulation, and tissue remodeling [62]

M1 IL-1
macrophage IL-6
IL-8
IL-12
LPS ji;
IFN- INF-Q
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macrophage 0 g TGF-B
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Figure 1.2. Differentiation and Polarization of Macrophages in vitro. Monocytes can be differentiated into
macrophages using the differentiation agent PMA. LPS and IFNy can further polarize macrophages into the M1 (pro-
inflammatory, classically activated) phenotype, or IL-4 and IL-13 can polarize them into the M2 (anti-inflammatory,
alternatively activated) phenotype. Grey boxes next to the polarization phenotypes indicate the cytokines that are
primarily secreted by each phenotype. Figure from Bezold et al. [63]

The polarization of THP-1 cells for in vitro studies was described by Chanput et al., as PMA-
differentiated macrophages were treated with 20 ng/ml IFNy + 1 pg/ml LPS for 6 h for M1
phenotype and 20 ng/ml IL-14 for 24 h for M2 phenotype. Various well-established markers of



the M1 and M2 phenotypes were found to be up-regulated during the THP-1 macrophage
polarization. It was shown that TNF-a, IL-12p40, IL-6, IL-1p, and IL-8 can be used as M1 marker
genes, and MRC-1, TGFp-1, SOCS1, PPARYy can be used as M2 marker genes [49, 64].

1.6. The toxicity and immune response to NMP’s in human cells

Various toxicological studies with NMP’s have been carried out in vitro for investigating the
behavior and effects of NMP’s [65]. Accordingly, NMPs are most often implicated in the
development of neurotoxicity, cytotoxicity, and oxidative stress [12]. These studies point towards

oxidative stress and inflammatory responses as key factors of NMP toxicity [16, 66].

Surprisingly, although demonstrating a degree of cellular absorption, studies found no or minor

evidence of cellular toxicity even at extremely high NMP concentrations [13, 67, 68].

As mentioned previously, human exposure routes for NMP’s include internalization and inhalation
[16]. Accordingly, studies in various epithelial cell line models have been reported - Polyethylene
terephthalate (PET) NPs produced by laser ablation were tested on the Caco-2 human gut
adenocarcinoma epithelial line; the researchers discovered a tendency for NMP uptake and
transcellular transport across a Caco-2 cells-based intestinal barrier model [67].

Studies in BEAS-2B, human lung epithelial cells by Dong and colleagues showed that PS MPs
caused cytotoxicity, inflammatory responses, and oxidative stress in human lung epithelial cells
and disrupted the epithelial cell layer, at least in vitro [69]. In the A549 human alveolar epithelial
line, Xu and co-workers discovered that PS NPs (25 and 70 nm) reduced cell viability, caused cell
cycle arrest, and up-regulated nuclear factor NF-kB along with some pro-inflammatory cytokines
[70].

Prietl and co-workers demonstrated that 20 nm carboxylated PS NMPs are readily absorbed by
human monocytic cells and are cytotoxic. Larger NMPs (500 and 1000 nm) induced the secretion
of cytokines, including IL-8 and IL-6, from monocytes and macrophages, as well as a detectable
degree of respiratory burst in monocytes [66].

Hwang et al. showed cytotoxicity and ROS induction associated with exposure to high
concentrations of 20 um polypropylene (PP) MPs using PBMCs, Raw 264.7 (murine
macrophages), and HMC-1 (mast cells). The MPs also increased the release of histamine from

mast cell lines and mediated pro-inflammatory cytokines IL-6 and TNFa from PBMCs [71].

9



The inflammatory response to exposure of irregular PMMA, PVC, PS plastic particles, and PS
nanospheres was investigated in primary human monocytes and dendritic cells (Weber et al.
unpublished). Elevated concentrations of TNFa, IL-6, and IL-10 were seen in both cell types
following the exposure to irregular PVC.

Overall, ROS production and expression of inflammatory cytokines appear to be common
responses of human cells exposed to various NMPs.
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2 The rationale of the study

As part of the innate immune system, monocytes and macrophages ingest pathogens and other
foreign particles that enter the body. To gain a better understanding of the potential risks that NMP
exposures pose to human health, ongoing research has been aimed at determining how the immune
system responds to interactions with these particles. Specifically, exposure to certain polydisperse
NMPs was shown to trigger the release of cytokines from primary human monocytes and dendritic

cells (Weber et al. unpublished).

The aim of this thesis was to further study how the human immune system interacts with secondary

NMPs by the following specific goals:

1. Producing and characterizing (concentration and size distribution) a set of polydisperse
NMPs representing three common polymer types (PMMA, PS, PVC)

2. Investigating the cytotoxic effects of NMP exposure in monocytes and macrophages using
a human monocytic cell model (THP-1)

3. Determining whether NMPs are ingested by THP-1 derived macrophages using confocal
laser scanning microscopy

4. Assessing inflammatory responses to NMP exposure in THP-1 derived macrophages by
measuring (i) activation of NF-«xB, (ii) expression of genes associated with macrophage

polarization, and (iii) the release of cytokines

5. Assessing inflammatory responses to NMP exposure in THP-1 monocytes by measuring
cytokine release

11



3 Materials and methods

3.1. Materials

Unless otherwise mentioned, all chemicals were purchased from Sigma-Aldrich. For quantitative
PCR, Sigma- Aldrich’'s KiCgStart® and SYBR® Green Primers were used.

3.2. Preparation of NMP’s

The polydisperse PMMA (green fluorescent) and PS particles (orange fluorescent) were generated
by cryomilling household materials. PyroPowders (Erfurt, Germany) provided irregular PVC
powder (non-fluorescent) (<50um) with a nominal particle size range of 13-17 um. The milled
plastics samples were provided by Prof. Martin Wagner, NTNU, Norway. To separate particles
with sizes < 5 um, we suspended 15-35 mg of plastic powder in 1 ml of ultrapure water (15 x 1.5
ml tubes per NMP type). After the suspensions were sonicated at room temperature for 1 h, they
were allowed to settle for 24 min (PS, PMMA) and 12 min (PVC) at room temperature. This step
was performed to allow particles with sizes > 5 um to settle. The settling times used were
calculated using Stoke's Law. PS particles > 5 um had a theoretical settling time of 114 min. The
time was shortened to 24 min because the particles did not settle but rather adsorbed to the surface
of the tubes.

After settling, 750 ul of supernatant from each tube was pooled together, frozen at -20°C, and
lyophilized overnight to concentrate the NMP suspensions. The resulting plastic powders were
resuspended in 1 ml PBS for PVC and PMMA, whereas the PS was resuspended in PBS containing
1:10,000 diluted surfactant (Tween® 20) to avoid agglomeration.

From the 1ml plastic suspension concentrates, a working stock of 1:5 dilution was prepared in PBS
for the experiments. For vehicle controls, we used PBS without plastics for P\VC and PMMA and
PBS with Tween® 20 (1:10,000) for PS.

3.3. Nanoparticle tracking analysis of particle size distribution and concentration

Nanoparticle tracking analysis (NTA) with a NanoSight LM10 (Malvern Panalytical,
Netherlands/United Kingdom) was used to assess suspended particle concentrations and size
distributions. As NTA requires a concentration of 10° — 10° particles/ml, all the suspensions were
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diluted with ultrapure water [72]. We prepared the same dilutions of the plastic-free control with
the same dilution factor for each dilution to obtain comparable control measurements. For PS
control, the dilution was prepared with PBS + 1:10,000 Tween® 20. For each dilution, three
replicates were prepared, and we took three repeated measurements for each replicate. The video
recording time was set to 60 s. The captures were repeated in the videos with < 200 valid particle
counts, and the time was increased to 120 s. The measurements were taken using a CCD camera
with a red laser (638 nm). Detailed settings of NTA used for measurements of the particle stock
suspensions are shown in Appendix B.1.

By subtracting the particle concentration in the corresponding particle-free control, particle

concentrations in the stock suspensions were blank-corrected.

The NTA analysis provides the concentration in particles/ml, the size of individual particles, and
the mean and median (D50) of the particle size for the samples. The size distribution of the NMPs
is presented as the relative particle abundance (RPA) fit to a lognormal distribution using
GraphPad Prism (version 9.01, San Diego, CA).

Final particle concentrations (particles/ml) are the average of three replicates for each NMP.

3.4. Measurement of particle size distribution and settling time using time-lapse
microscopy
Particle settling times, including the size distribution of the settled particles, was measured by

time-lapse microscopy using a confocal laser scanning microscope (CLSM) (Zeiss LSM 800)

An 8-well chambered coverglass (Nunc™ Lab-Tek™ II; Cat no.155409) filled with 300 pl of
media was placed on the stage. The particles were diluted with PBS (1:3) from the working stock,
and 30 pl of NMP was added to the media. After the addition of the particles, the time-lapse
recording was started. The non-fluorescent PVC particles were stained with Nile Red (1:40
dilution) before the addition.

A series of z-stacks were taken at 15 min intervals for 45 cycles (PMMA), 63 cycles (PS), and 50
cycles (PVC). The imaging settings used to visualize the fluorescent plastic particles are shown in
Appendix B.2.
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The captured images were analyzed using the CellProfiler software [73] with the help of my co-
supervisor. CellProfiler data were used to plot the size distribution of the settled particles and the
time taken for the particles of a given size to settle. The size distribution is presented as RPA fit to
a Lognormal distribution using Graphpad prism as mentioned in 3.2.

3.5. Cell culture

3.5.1. Maintenance of THP-1 cells

Human monocytic THP-1 cells (ATCC, Manassas, VA, USA) were cultivated in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 5ml L-glutamine, 1ml gentamycin,
and 0.05mM 2-B-mercaptoethanol. The cells were incubated at 37 °C in a humidified environment
of 5% CO; in a T-75cm? culture flask. The growth medium was replaced every 4-5 days by diluting
cell suspension to a cell density of 2 x 10° cells/ml to prevent the cell density from reaching more
than 1 x 10° cells/ml as high cell density can create a stressful environment. Maintaining the
logarithmic growth phase of the cells is essential to keep them healthy. The cells were allowed to
grow for one week after being thawed from -80 °C, and the cells were used for experiments
between passages 10 and 24.

3.5.2. Optimization of the differentiation of THP-1 monocytes to macrophages

We previously optimized the protocol to differentiate THP-1 monocytes to macrophages under the
Biotechnology Specialization project (TBT4500) course. Briefly, THP-1 cells were plated at a
density of 1 x 10° cells/ml and treated with 10 nM PMA for either 24 h or 48 h. Quantitative PCR
analysis showed that the expression levels of macrophage surface markers CD14 and CD36 were
up-regulated after 24 h (results shown in Appendix C). Thus, the differentiation of THP-1

monocytes into macrophages was carried out by the addition of 10 nM PMA for 24 h.

To further optimize this protocol, after the 24 h of PMA treatment, the media was changed to allow
the differentiated cells to rest for different lengths of time (1, 2, 3, 5 d) before M1 stimulation using
20 ng/ml IFNy along with LPS concentrations (100 ng/ml or10 pg/ml) for 16 h. RNA was extracted
for gPCR analysis of polarization specific marker genes, and 2 d rest was decided to be optimal;
thus, unless otherwise stated, THP-1 derived macrophages were differentiated by treatment with
PMA (10 nM for 24 h) followed by media replacement and resting the cells for 2 d.
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3.6. Exposure of THP-1 cells to NMPs
THP-1 cells were seeded in 12-well plates at density 1 x 10° cells/ml, and the following exposure

conditions were performed.

1. Directly exposed to different NMPs for 18 h.

2. Stimulated with 300 pg/ml LPS (effective concentration 20) (EC20) in combination with
the NMP samples for 18 h.

3. Differentiated into macrophages and exposed to NMPs for 16 h.

4. Differentiated macrophages were exposed to NMPs during polarization into an M1
phenotype using a combination of 20 ng/ml IFNy and 20 pg/ml LPS (EC20) for 16 h.

We added 50 pl of plastic particles to 1ml of media, resulting in a final concentration of 9.10 x 108
(PMMA), 8.82 x 107 (PS), and 5.84 x 10° (PVC) particles/ml. Theoretical concentrations were
calculated using the concentrations in particles/ml, density, and the average size of the NMPs, by
assuming the polydisperse particles as spheres. The estimated concentrations were 3.7 pg/ml
(PMMA), 0.3 ug/ml (PS) and 4.2 mg/ml (PVC).

The cell pellets were collected by centrifugation at 2000 rpm for 10 min at 4°C, and adherent cells
were scraped for combined lysis in Buffer RLT from the RNA isolation kit. The supernatant was

collected for cytokine analysis by ELISA. Supernatants and lysed cell pellets were stored at -80°C.

3.7. Cytotoxicity assay (Resazurin assay)

Cells were seeded into 96 well plates at a density of 1 x 10* cells/90 pl. The outer wells of the plate
were filled with 200 ul of phosphate buffer saline (PBS) to prevent any edge effects. To test for
cytotoxicity in monocytes, the cells were directly treated with NMPs for 24 h or 72 h before the

resazurin assay.

To test for cytotoxicity in macrophages, the THP-1 cells were first differentiated to macrophages
before NMPs were added and incubated for 24 h or 72 h.

For treatments, a 1:3 serial dilution of each polymer type was prepared in PBS (PVC and PMMA)
or PBS +1:10,000 Tween® 20 (PS), and 10 ul was added to 90 ul media per well of the 96 well

plates. Treatments were performed using 3 technical replicates, and the data shown represent 3
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independent experiments. Table 3.1 shows the final particle concentrations (in pg/ml and mg/ml)

that the cells were exposed to in the cytotoxicity studies.

Table 3.1. Theoretical concentrations of NMP’s used in the cytotoxicity experiment with THP-1 cells
Dilutions PVC PMMA PS

(mg/ml) (ng/ml) (ng/ml)
25.400 22 1.520

1

2 8.467 7.333 0.507
3 2.822 2.444 0.169
4 0.941 0.815 0.056
5 0.314 0.272 0.019
6
7
8
9

0.105 0.091 0.006
0.035 0.030 0.002
0.012 0.010 0.001
0.004 0.003 0.000

The use of the non-toxic redox dye resazurin is a common technique for determining cell viability.
The cells with active metabolism form a pink fluorescent resorufin product by the resazurin
compound's reduction. The fluorescence emitted is directly proportional to the viable cell count
[74].

10 pl/well of the resazurin reagent was added to each well, followed by 2 h incubation. The
fluorescence was measured using the Cytation™ 5 Cell Imaging Multi-Mode Reader (Biotek

Instruments Inc.) at 544 nm excitation and 590 nm emission.

3.8. Cellular uptake of NMPs in THP-1 derived macrophages

THP-1 cells were plated at a concentration of 1 x 10% cells in 500 pl media in an 8-well chambered
coverglass and differentiated into macrophages. The cells were treated with 25 pl of NMP for
either 30 min or 16 h, resulting in cells being exposed to the following final particle concentrations:
9.10 x 108 (PMMA), 8.82 x 107 (PS), and 5.84 x 10° (PVC) particles/well. The cells were stained
as described below to visualize the plasma membrane. We imaged the cells and fluorescent
particles using laser scanning confocal microscopy to determine whether the particles had been

internalized.

16



3.8.1. Staining of PVC plastic particles with Nile Red

As the PVC was non-fluorescent, we stained the particles using Nile Red, as was previously
described [75]. Nile Red stain was added to the PVC particles at a concentration of 1:40 dilution
and incubated for 8-10 min at room temperature. The tube was then centrifuged at high speed
(15,000 rpm) for 5 min, forming a pellet of the stained PVC particles. After discarding the
supernatant, the stained PVC pellet was suspended again in the same volume of PBS and used for
treatments. To control for residual or leached Nile Red staining of lipid in the cells, we previously
resuspended a second stained PVC pellet in culture media and stored it for 16 h. After this, the

particles were again centrifuged (15,000 rpm, 5 min), and the supernatant was given to the cells.

3.8.2. Plasma membrane staining and CLSM

Following treatment with NMPs, the cells were washed twice with 1X Dulbecco’s phosphate-
buffered saline (D-PBS) followed by the addition of CellMask™ Deep red plasma membrane stain
(Invitrogen) (1:1000 dilution) for 5-10 min at 37°C. The cells were washed twice with D-PBS and
then imaged immediately using a Zeiss LSM800 with 63x/1.4 oil immersion objective. Z-stacks
were taken with a pinhole diameter equivalent to 1 Airy unit, and 4 frames were averaged per
image. Laser and detection settings are shown in Table 3.2.

Table 3.2. Settings for the Zeiss LSM 800

NMP/filter Excitation Emission
CellMask (A-647) 640 nm 668 nm
PMMA (FITC) 488 nm 519 nm
PS (AF546) 561 nm 572 nm
PVC (Nile Red) 561 nm 636 nm

3.9. NF-kB translocation assay
3.9.1. Principle of the assay

This assay is to measure Nuclear Factor kappa B (NF-kB) translocation from cytoplasm to the
nucleus. NF-«B represents a family of transcription factors, helps regulate the inducible expression
of genes involved in the immune responses [76]. NF-«kB, being most abundant in the immune cells,

exists either as a homodimer p65/p65 or heterodimer p65/rel A and p50 in the cytoplasm. The NF-
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kB transcription factor's function is promoted by the p65 component, containing the primary
transactivating domain. An inhibitory molecule, IxBa associating with cytoplasmic sequestration,

helps in regulating the NF-«B activity.

Due to intracellular signaling cascades induced by various stimulants like LPS, IkBa gets
phosphorylated, which leads to self-degradation, activating the NF-«B, which allows the
translocation of p65/rel A from the cytoplasm. After entering the nucleus, NF-kB binds to specific
sites in the TNFa promoter, activating gene transcription of TNFa. An overview of NF-«B
activation and translocation into the nucleus in THP-1 cells and PMA-differentiated macrophages

with TNFa secretion can be seen in Figure 3.1 [77].

Macrophage Macrophage

‘ ‘ — TNF
LPS

g —> INF

NF

Figure 3.1. The relationship between monocyte differentiation, NF-kB translocation, and TNFa secretion.
Monocytes (THP-1 cells) differentiate into macrophages when treated with PMA, promoting the accumulation of NF-
kB in the cytoplasm. Translocation of NF-«B is induced upon LPS stimulation resulting in TNFa secretion.
Undifferentiated THP-1 cells have lower levels of NF-kB and secrete less TNFa in response to LPS stimulation,
compared to the macrophages. Figure from Takashiba et al. [77]

THP-1
Monocyte

The translocation of the activated NF-xB from the cytoplasm to the nucleus can be imaged by
immunofluorescence staining. Images captured can be quantitatively analyzed using image

processing software [78].

3.9.2. Optimization of the assay

THP-1 cells were seeded at a density of 10,000 cells/well in a 96-well black flat optical-bottom
plate (Thermo Scientific™ Nunc Microwell) and treated with PMA (10nM) for 24 h. The media

was changed, and the differentiated cells were allowed to rest for either 2 or 5 d. After resting, the
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cells were stimulated by the addition of LPS (100 ng/ml) and incubated for various times (15 min,

30 min, 1-, 2-, 3- and 6 h) before being fixed and immuno-stained, as described below.

3.9.3. Exposure to NMPs

THP-1 cells were seeded at a density of 10,000 cells/well in a 96-well black flat optical-bottom
plate (Thermo Scientific™ Nunc Microwell) and treated with PMA (10nM) for 24 h. The media
was changed, and the differentiated cells were allowed to rest for 2 days before treatment with
NMPs for various time-points (15 min, 30 min, 1-, 2-, 3-, 6-, 8-, 16- and 24 h) before fixation and
immunostaining as described below. 10 pl of NMP was added per well, resulting in a final

concentration of 1.82 x 10° (PMMA), 1.76 x 108 (PS), and 1.17 x 10%° (PVC) particles/well.

3.9.4. Immunostaining for widefield imaging

The cells were washed once with 1x Dulbecco's Phosphate buffered saline solution (D-PBS)
followed by fixation in 4% formaldehyde at room temperature for 15 min. The cells were washed
3 times with PBS, and autofluorescence was quenched with ammonium chloride (0.1 M, 5 min,
room temperature). Triton-X-100 (0.5%) was added for 15 min at room temperature to
permeabilize the cells. The plate was washed 3 times, followed by blocking using 5% powdered
milk dissolved in TBS-Tween (0.1%) (60 min, room temperature). The plate was incubated at 4°C
overnight in mouse anti-NF-kB p65 antibody (Cat. 6956, CST, Danvers, USA) (1:800), followed
by washing 3 times in TBS-Tween (0.1%). Secondary antibodies, Alexa Fluor™ 546 — goat anti-
mouse IgG (H+L) or Alexa Fluor™ 594 — goat anti-mouse 1gG (H+L) in combination with PS
samples were used at 4 pg/ml and incubated for 30 min in the dark. Cells were washed in TBS-
Tween (0.1%) followed by washing in PBS 3 times before staining the cells using CellMask™
Deep red plasma membrane stain (1:1000 dilution) for 30 min at room temperature, and cells were
washed a further 3 times in PBS. Lastly, the nuclei were stained with DAPI (1:1000) at room

temperature for 2 min. The final wash was performed in PBS to remove all the excess stain.

3.9.5. Image acquisition and analysis using CellProfiler

Images were captured with widefield imaging using the Cytation™ 5 Cell Imaging Multi-Mode
Reader (Biotek Instruments Inc.) at 20x magnification. A 365 LED with DAPI filter cube (Ex
377/50 Em 447/60) was used to detect DAPI staining, a 488 LED with GFP filter cube (Ex 485/20
EM 528/20) to detect PMMA particles, a 523 LED with RFP filter cube (Ex 531/40 Em 593/40)
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to detect PS particles, and a 623 nm LED with Cy5 filter cube (Ex 628/40, Em685/40). The

acquired images were analyzed using CellProfiler software with the help of the co-supervisor.
3.10. Calculating EC20 for THP-1 cells response to LPS

THP-1 cells were treated with LPS at concentrations ranging from 1 pg/ml to 1000 ng/ml for 18

h. Supernatants were collected and stored at -80°C for analysis of cytokine release by ELISA.

Differentiated macrophages were treated with LPS at the following concentrations (1 pg, 10 pg,
100 pg, 1 ng, 10 ng, 100 ng, 1000 ng/ml) and with IFNy (20 ng/ml) for 16 h. Cell supernatants

were collected and stored at -80°C for analyzing cytokine release by ELISA (refer to section 3.12).

We calculated the EC20 value for the induction of TNFa in response to LPS using non-linear
regression (curve fit) with log(agonist) vs. response — Find ECanything model in GraphPad Prism.

3.11. Gene expression analysis by quantitative (q) PCR
3.11.1. RNA extraction

Complete/Total RNA was isolated from the cells using Qiagen's RNeasy® Mini kit (250) or
Omega BIO-TEK's E.Z.N.A.® Total RNA kit | by following the manufacturer's instructions. The
isolated RNA was stored at -80°C. The NanodropTM One/OneC Microvolume UV-Vis
Spectrophotometer (ND-ONE-W) from Thermo Fisher Scientific was used for the quantity and
purity of RNA. Measurement of RNA concentration with A260/A230 absorbance between 1.8 -
2.1 and A260/280 absorbance between 2.0-2.2 was acceptable.

3.11.2. Reverse transcription and gPCR

Reverse transcription was performed with 0.5-1 pug of RNA per sample using the QuantiTect®
Reverse Transcription Kit from Qiagen, as per the manufacturer's protocol. The real-time PCR
analysis was performed as instructed by the manufacturer using Roche's LightCycler® 480
SYBR® Green | Master MIX and LightCycler® 96 Instrument. The program set for the PCR and

the list of primers used is shown in Appendix D.

3.11.3. gPCR data analysis

LinRegPCR version:2019.1 was used to analyze amplification curves generated by the
LightCycler® 96 instrument to measure PCR efficiency per amplicon and calculate Ct. values per
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sample [79]. The PCR data were statistically analyzed (one-way ANOVA) using gbase+, version

3.2 (Biogazelle, Zwijnaarde, Belgium — www.gbaseplus.com) [80].

Selection of reference genes
For calculating relative quantity, normalization of the data is required for accuracy. The following
reference genes were chosen for normalization: ACTB, GAPDH, and RPS18 [81-83].

3.12. Cytokine release by Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of cytokines TNFa, IL-6, and IL-10 in the cell supernatants were determined
by ELISA using the DuoSet ELISA kits (R&D Systems, Minneapolis, MN, USA). The protocol

was followed according to the manufacturer’s instructions.

MyAssays, an online analysis tool, was used to analyze the ELISA results. A four-parameter
logistic curve fit was used to conduct the analysis. The average of all replicates determined the

plotted values for each treatment + SD (www.myassays.com).

3.13 Statistical analyses

In this study, a biological replicate is defined as an independent experiment in which the cells are
seeded from different culture flasks. A technical replicate consists of wells plated using cells from

the same flask.

GraphPad Prism version 9.2.0 (GraphPad Software, La Jolla California USA,
www.graphpad.com) was used for statistical analysis. Using an ordinary one-way ANOVA with

Dunnett’s multiple comparisons test. P-values < 0.05 were considered statistically significant.
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4 Results

4.1. Particle characterization

Nanoparticle tracking analysis (NTA) was performed to measure the size distribution and

concentration of the polydisperse PMMA, PS, and PVC particles (refer to 3.3).

The particle size distributions of the stock suspensions obtained from the NTA measurements were
fit to a Lognormal distribution (Figure 4.1). The size distribution of the PMMA, PS, and PVC
suspensions ranged broadly from 70-600 nm, and the mean particle size values were 186 nm
(PMMA), 174 nm (PS), and 216 nm (PVC), with 50% of the particles being <150 nm (PMMA),
<147 nm (PS), and <199 nm (PVC). The concentration of the stock suspensions was found to be
2.73 x 10'Yml (PMMA), 2.65 x 10'%ml (PS), and 1.75 x 10*?/ml (PVC).
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Figure 4.1. Size distribution of the NMP suspensions determined by nanoparticle tracking analysis. The graph
represents the relative particle abundance (%) of the PMMA, PS, and PVC in particle stock suspensions. Particle
abundance was fit to a lognormal function showing the distribution in %.

When exposing primarily adherent cells (macrophages) in culture to the particles, we considered
that the varying likelihood of particles of different sizes to ‘settle’ to the bottom of the well might
affect the relative exposure of the cells. We, therefore, attempted to measure the time taken for the
different plastic particles of different sizes to settle to the bottom of a cell culture well.

To do this, we used time-lapse confocal microscopy. The wells of a chamber slide were filled with
300 ul of media, and 30 pl of plastic particles were added. The focus was maintained on the cover

glass at the bottom of the well, and we imaged the well for 10-16 h. Individual experiments were
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carried out for PMMA, PS, and PVC particles. The images from CLSM were analyzed using
CellProfiler software (refer to 3.4).

The PMMA particles settle fast, with a high number of particles settled by 10 h (Figure 4.2 (a)).
For PS, the particles settle slower by 15 h (Figure 4.2 (b)), whereas for PVC, the settling time of
the particles looked quite similar by 6 and 10 h (Figure 4.2 (c)). Overall, smaller particles tend to

settle slower when the particle size takes more than 5 hours to reach the bottom of the well.
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Figure 4.2. Time and size-dependence of particle settling determined by time-lapse confocal microscopy for (a)
PMMA, (b) PS, and (c) PVC. Image analysis to determine particle number and size was carried out using CellProfiler
software.

The size distribution of the settled particles was calculated and fit to a Lognormal distribution
(Figure 4.3). Compared to the NTA analysis of stock solutions, settled particles were considerably
larger (1-20 pum). The limits of light microscopy mean that particle <200 nm cannot be resolved.
However, it is still apparent that the settled particles are considerably larger than the distribution
of the particles in the stock suspensions, which may play a role in the effect of the NMPs on

macrophages using in vitro assays.
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Figure 4.3. Particle size distribution of the settled NMP’s determined using confocal microscopy. The graph
represents the relative particle abundance (%) of the PMMA at 10 h, PS at 15 h, and PVC at 10 h after addition to the
media. The relative particle abundance was fit to a lognormal fit, showing the distribution in %.

4.2. Cytotoxicity of NMP’s in THP-1 monocytes and THP-1 derived macrophages
To determine whether the NMP’s are cytotoxic to THP-1 cells, viability assays were performed as
described above. Serial dilutions of the NMP’s were prepared, and THP-1 monocytes and THP-1
derived macrophages were exposed for either 24- or 72 h. The cell viability was measured by
resazurin assay. The final particle concentrations that the cells were exposed to are shown in Table
3.1

Treatment with PS at the highest concentration (1) decreased monocyte viability by 10% after 24
h. Neither PVC nor PMMA affected monocyte viability after 24 h (Figure 4.4 (a)). By 72 h, cells
with PS treatment decreased cell viability by 15% in the highest concentrations (1 and 2). PMMA
reduced the viability by 10% at the high concentration (1) (Figure 4.4 (b)). PVC did not affect
viability up to 72 h.

In THP-1 derived macrophages after exposed for 24 h, PVC treatment reduced cell viability by
10% at the highest concentration (1), whereas PMMA and PS had no significant effect (Figure 4.5
(@)). By 72 h, PVC treatment significantly reduced cell viability at concentrations (1 to 7) with a
maximum reduction of 30% at the highest concentration. PMMA treated cells, and PS treated cells
viability were decreased by 15% in the higher concentrations (1, 2, and 3) (Figure 4.5 (b)).
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Figure 4.4. Cytotoxic effects of NMP’s in THP-1 monocytes. THP-1 cells were exposed to NMP’s for indicated
time points. The cell viability was measured by resazurin assay. The bar graph shows the viability of cells after NMP
treatment for (a) 24 h and (b) 72 h. The control (no plastic treatment) was set to 100% viability. Data shown in %
viability are the mean + SEM of 6 technical replicates from 3 independent experiments (n=3). *= p <0.05, **=p
<0.01 compared to the control (CTRL)
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Figure 4.5. Cytotoxic effects of NMP’s in THP-1 derived macrophages. Macrophages were exposed to NMP’s for
indicated time points and measured the cell viability by resazurin assay. The bar graph shows the viability of cells
after NMP treatment for (a) 24 h and (b) 72 h. The control (no plastic treatment) was set to 100% viability. Data
shown in % viability are the mean + SEM of 6 technical replicates from 3 independent experiments (n=3). *=p <0.05,
****=p <0.0001 compared to the control (CTRL)

From the results, we can conclude that PS particles were slightly toxic at the highest concentration
in THP-1 monocytes after both time points. By 72 h, PVC, PMMA, and PS showed significant

toxicity over a range of concentrations in THP-1 derived macrophages.

4.3. NMP’s were internalized by THP-1 derived macrophages

Macrophages are phagocytic cells, which play a significant role in the innate immune system. They
can engulf anything foreign to the body, including dead cells, dust, pollen, and plastic particles
[84]. Being professional phagocytes, they are capable of efficient particle uptake through

26



phagocytosis [85]. The phagocytic behavior of macrophages is one of the fundamental properties

that define their role in the human defense response and the production of various pathologies [86].

We wanted to investigate whether the THP-1 derived macrophages internalize NMP’s. To do this,
we exposed the macrophages to the plastic particles for either 30 min or 16 h. The cell membrane
was stained with Cell Mask deep red stain, and live imaging with confocal laser scanning
microscopy (CLSM) was performed. Both the PMMA and PS particles were fluorescent, and non-
fluorescent PVC particles were stained with NileRed before exposure to allow their visualization.
In order to determine whether plastic particles were inside the cell, we performed z-stacking and

3D reconstruction.

The left side images show a single slice obtained from the z-stack imaging of PMMA (Figure 4.6),
PS (Figure 4.7), and Nile Red stained PVC (Figure 4.8) exposed macrophages for either 30 min or
16 h. The right-side images show the orthogonal view of z-stacks, which allows the visualization
of the 3D view of the z-stacking series in a single x-y plane and were used to show whether the

plastic particles were attached to or within the cell.

Following exposure of the different NMP’s for 30 min, most of the particles were seen to be
attached to the cell membrane but not internalized. After 16 h of exposure, many plastic particles

were fully internalized by the macrophages.
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PMMA
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Figure 4.6. Representative images showing the internalization of PMMA in THP-1 derived macrophages.
Macrophages were exposed to PMMA for (a) 30 min or (b) 16 h. The cell membrane was stained, and the cells were
imaged live using confocal microscopy with a 63x/1.4 oil immersion. 27-37 z-stacks were taken for 3D projection.
The left image shows a single slice from the z-stack, and the right image shows the orthogonal view (x-y projection
along with respective side views (x-z and y-z projections)).
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Figure 4.7. Representative images showing the internalization of PS in THP-1 derived macrophages.
Macrophages were exposed to PS for (a) 30 min or (b)16 h. The cell membrane was stained, and the cells were imaged
live using confocal microscopy with a 63x/1.4 oil immersion. 30 z-stacks were taken for 3D projection. The left image
shows a single slice from the z-stack, and the right image shows the orthogonal view (x-y projection along with

respective side views (x-z and y-z projections)).
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Figure 4.8. Representative images showing the internalization of PVC in THP-1 derived macrophages.
Macrophages were exposed to Nile Red stained PVC particles for (a) 30 min or (b) 16 h. The cell membrane was
stained, and the cells were imaged live using confocal microscopy with a 63x/1.4 oil immersion. 14-19 z-stacks were
taken for 3D projection. The left image shows a single slice from the z-stack, and the right image shows the orthogonal
view (x-y projection along with respective side views (x-z and y-z projections)).

Nile Red (a lipid staining dye) was used to stain the PVC particles before exposing them to the
macrophages to enable us to visualize their internalization. However, the Nile Red dye binds not
only to the plastic particles but to lipids as well. Therefore, it was necessary to perform additional
control experiments for PVC to show the difference between lipid droplets and Nile Red-stained

PVC particles by staining the macrophages with Nile Red alone. Control staining (without the
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dyed plastic particles) showed a uniform circular staining pattern with lower intensity. The plastic
particles, on the other hand, were typically less uniform (non-circular) and higher intensity, as
shown in Figures 4.9 (a) and (b). Uniform lipid droplets are indicated with a yellow box, while the
less-regular and brighter Nile Red stained-PVC particles are indicated with arrows. From this, we

could distinguish the lipid droplets from the PVVC particles.

Figure 4.9. Representative images showing Nile Red staining in untreated and PVC treated macrophages. THP-
1 derived macrophages were treated with Nile Red and Nile Red-stained PVC for 16 h. (a) Control staining with Nile
Red alone shows lipid droplets (marked with a yellow box) and (b) shows the identification of Nile Red stained PVC
particles (indicated with yellow arrows) along with the lipid droplets (yellow box).

We carried out a similar experiment in cells that were fixed after 30 min, 2 h, or 16 h and stained
with the cell membrane dye post-fixation. The cell membrane staining was not as well-defined as
when the staining was performed in live cells, presenting a limitation to accurate determination of
particle internalization. We do, however, see similar results, and these images are presented in

Appendix E.

Thus, we determined that THP-1 derived macrophages internalized all three NMP types and that

this occurred within 16 h of exposure.
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4.4. Investigating whether exposure to NMP’s can cause inflammatory responses
and polarization of THP-1 derived macrophages

Given that the THP-1 derived macrophages internalized all three types of NMP after exposure for
16 h but caused little or no cytotoxicity by 24 h, we were interested in finding out whether particle
internalization resulted in an inflammatory response that might be observed from exposure to
pathogens. To investigate this, we measured (1) the activity of the transcription factor NF-«B, (2)
the expression of genes associated with polarization to a pro-inflammatory phenotype (M1), and
(3) the release of pro-inflammatory cytokines IL-6 and TNFa.

4.4.1. Optimization of NF-kB translocation assay

When macrophages are exposed to bacterial products such as LPS, the activation of the NF-xB
transcription factor occurs, regulating the gene expression system that underlies macrophage-
dependent immune response [87]. Signals induced by the external stimuli result in the activation
of NF-«B regulated by its cellular localization, translocated from the cytoplasm of the cell into the
nucleus. Thus, the activated NF-«B induces and regulates the expression of various pro-
inflammatory genes [88]. Immunofluorescence microscopy can be used to visualize and quantify
the translocation of NF-«xB [78].

First, we wanted to determine at which time-point the NF-«xB activity was maximum when THP-
1 derived macrophages are stimulated with LPS. Also, we wanted to assess if resting the
differentiated macrophages for 2- and 5 d post-PMA stimulation influences the translocation of

NF-kB/enhance the activity of NF-kB upon LPS stimulation.

The ratio of nuclear: cytoplasmic NF-xB showed a gradual increase from 15 min with maximum

nuclear translocation observed at 120 min after both 2- and 5-days of resting (Figure 4.10).
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Figure 4.10. Time-dependent translocation of NF-kB in LPS stimulated macrophages. After 2- and 5-day resting,
THP-1 derived macrophages were treated for the indicated times with LPS (100 ng/ml). Data are the mean + standard
deviation of 6 technical replicates from a single experiment. CTRL = macrophages, VEH = DMSO + PBS

Figure 4.11 (a) and (b) show the difference between unstimulated cells containing the NF-xB in
the cytoplasm. At 120 min, after the LPS stimulation, the bright nucleus indicates the translocation

of NF-xB from the cytoplasm into the nucleus.

(a) Control (with no LPS stimulation)

(b) LPS (100 ng/ml) stimulation for 120-minutes

Figure 4.11. Representative images of NF-kB nuclear translocation in THP-1 derived macrophages. Images
show immunofluorescence using NF-kB antibody for (a) unstimulated macrophages and (b) following stimulation
with 100 ng/ml LPS for 120 min. Images in the right panel show the segmentation of nuclei (green) and cells (red)
carried out in CellProfiler and used to calculate the nuclear:cytoplasmic ratios.
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4.4.2. Effect of NMP’s on NF-kB translocation

To test whether exposure of THP- 1 derived macrophages to NMP’s can induce NF-«xB activation,
we treated the cells with the highest concentration of NMP’s (PVC, PMMA, PS) for the time-
points mentioned. 100 ng/ml of LPS stimulation for 2 h was used as a positive control. Similar to
the control experiment above, Fluorescence images of the fixed and immunofluorescence-stained
cells were captured and analyzed using the CellProfiler software. 2-3 independent experiments
were carried out using 3 technical replicates per condition. PBS was used as vehicle control for
PVC, PMMA, and PBS + 1:10,000 Tween 20 for PS.
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Figure 4.12. Analysis of NF-kB translocation in response to NMP exposure. THP-1 derived macrophages were
treated with different NMP for the time periods indicated. 100 ng/ml LPS stimulation for 2 h was used as a positive
control. The bar graph represents the ratio of nuclear:cytoplasmic NF-kB for (a) PMMA (b) PS (c) PMMA. 6 technical
replicates were carried out per sample, and the data points shown are the mean =+ standard deviation from 2 biological
replicates (for PMMA and PS) and 3 biological replicates (for PVC).

We did not observe any translocation of NF-kB in response to treatment with the NMP’s, whereas
LPS treatment caused an approximately 2-fold increase in the nuclear:cytoplasmic ratio. From the
results, we can conclude that the NMP’s were unlikely to activate NF-kB using the conditions

described (Figure 4.12).

4.4.3. Optimization of the protocol to polarize the THP-1 derived macrophages

Macrophages polarize in response to microenvironmental signals. By secreting cytokines and
producing reactive oxygen species (ROS), they may function in a pro- or anti-inflammatory
manner, often termed M1 or M2 polarization, respectively. Macrophages can be polarized to an
M1 (pro-inflammatory) phenotype by stimulation with IFNy combined with LPS for 24 h [62].

Most studies use IFNy at a 20 ng/ml concentration, while LPS concentrations used can range from
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10 pg to 1 pg/ml [89]. Allowing the differentiated cells to rest for up to 5 d before stimulation has

been reported to affect the ability of macrophages to polarize [50].

Here we investigated whether allowing the differentiated macrophages to rest after PMA removal
for between 1 and 5 d affected the ability of the cells to respond to M1 polarization stimuli.
Macrophages were stimulated using IFNy (20 ng/ml) with either a low concentration (10 pg/ml)
or a high concentration (100 ng/ml) of LPS.

M1 polarization was assessed by measuring the gene expression levels of CCL2, TNFa, and IL-12

as three genes commonly up-regulated in M1 polarized macrophages, as described [64].

CCL2 and TNFa were up-regulated in response to IFNy + either 100 ng/ml LPS or 10 pg/ml LPS
with a larger response in the macrophages treated with 100 ng/ml LPS. Resting the differentiated
cells for different lengths of time did not have a clear or consistent impact on the induction of these
M1 polarization markers, with the possible exception of higher induction of TNFa expression with
an increasing rest period, only when using the lower dose of LPS (Figure 4.13 (a) and (b)). IL-12
was up-regulated to a lesser extent than CCL2 and TNFa. The response was only significant using

the lower dose of LPS and following 2 or more days of resting before polarization (Figure 4.13

(©)).
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Figure 4.13. Relative expression of M1 macrophage marker genes. THP-1 derived macrophages were incubated
with either vehicle (CTRL) or IFNy (20 ng/ml) and LPS (100 ng/ml or 10 pg/ml) for 16 h after the stated number of
resting days. The expression of (a) CCL2 (b) TNFa and (c) IL-12 was measured by qPCR. Data were normalized to
three reference genes and expressed relative to the respective unstimulated controls at each time-point (CNRQ) %
SEM. The experiment was performed three times (n=3). Statistical analysis was carried out by one-way ANOVA in
gbase software. * = p < 0.05 compared to control (CTRL)

We concluded that resting the differentiated macrophages for up to 5 days did not significantly
impact the effect of M1 polarization stimuli. In subsequent experiments, we rested the
macrophages for two days before exposure to the NMP’s, and 20 ng/ml IFNy with 100 ng/ml LPS
(for 16 h) was used as a positive control for M1 polarization.

4.4.4. Effect of NMP’s on macrophage polarization

To determine whether NMP exposure causes M1 polarization of THP-1 derived macrophages, the
cells were exposed to PMMA, PS, or PVC at the highest particle concentration for 16-, 48-, or 72
h. The expression of a panel of genes associated with M1-polarization (CCL2, TNF«, COX2, IL-6,
IL-12, IL-/p, and SOCS3) was measured by qPCR.

These genes were selected based on studying the literature, as reviewed [64]. [FNy + LPS (M1
polarization positive control) induced the expression of CCL2, TNFq, IL-6, IL-18, SOCS3, COX2,
and IL-12. While exposure to NMP had no effect on the expression of any of the genes tested
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(Figure 4.14). The control here denotes the negative control for PMMA and PVC (with PBS); the
negative control for PS (with PBS + 1:10000 Tween 20) could not be used for the analysis, as the
RNA quantity was too low due to technical problems.

The same gene expression analysis was performed for macrophages exposed to the NMP’s for 48

and 72 h, but again, no induction of M1 polarization was observed (results Appendix F).
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Figure 4.14. Relative expression of M1 macrophage marker genes in macrophages exposed to NMP’s. THP-1
derived macrophages were exposed to vehicle (CTRL), 20 ng/ml IFNy + 100 ng/ml LPS (POS.CTRL), or to PMMA,
PS, or PVC at the highest particle concentrations for 16 h. Graphs show the relative gene expression for (a) CCL2 (b)
TNFa (c) COX2 (d) IL-6 (e) IL-12 (f) IL-/p and (g) SOCS3 measured using gPCR. Data were normalized to three
reference genes, and the mean expression relative to the vehicle-treated control (CTRL) (CNRQ) + SEM is shown.
Data for the NMP exposures represent the results from four independent experiments (n=4), while the positive control
data is obtained from 3 technical replicates. Statistical analysis was carried out with one-way ANOVA in gbase+.

4.4.5. Effect of NMP’s on cytokine secretion

Cell supernatants from the above experiments were collected and analyzed for pro-inflammatory
cytokine production (TNFa and IL-6) by ELISA. Supernatants from the positive control (M1)
macrophages had an average of 4587 pg/ml TNFa (Figure 4.15 (a)) and 1276 pg/ml I1L-6 (Figure

4.15 (b)). The levels of both TNF-a and IL-6 were below the limit of detection for both in the
vehicle controls.
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Figure 4.15. Cytokine release in macrophages exposed to NMP’s. THP-1 derived macrophages were treated with
different NMP’s for 16 h. Cytokine released by macrophages was measured by ELISA, (a) TNFa (b) IL-6. Results
are shown as mean + SEM across three biological replicates (n=3). No statistical analysis was done as only the positive
control was detected. CTRL 1 = PBS, CTRL 2 = PBS + 1:10,000 Tween20, POS.CTRL = 20 ng/ml IFNy + 100 ng/ml
LPS]

In conclusion, we showed that exposure of THP-1-derived macrophages to the highest
concentration of any of the three NMP’s did not induce the activation of NF-xB, M1 polarization,
or the secretion of pro-inflammatory cytokines, and was therefore unlikely to have caused a pro-

inflammatory response in this cell type.

4.4.6. Effect of NMP’s on M1 polarized macrophages

The results above showed that exposure to NMP’s did not trigger an inflammatory response in the
control macrophages. We, therefore, next investigated whether NMP exposure could affect the
pro-inflammatory response to LPS. To do this, we first determined the EC20 of LPS stimulated
TNFa release to ensure that the system was not saturated. To find the EC20, we performed an LPS
dose-response in combination with 20 ng/ml IFNy. LPS concentrations varied from 1 pg/ml to 1

pg/ml, and the treatment was for 16 h. The cell supernatants were analyzed for TNFa by ELISA.

We observed detectable and dose-dependent release of TNFa in response to LPS in between 1
pg/mland 1 pg/ml. EC20 was calculated as 20 pg/ml (refer to section 3.10, Figure 4.16) shows the
LPS dose-response curve in TNFo, where the different LPS concentrations are shown in log-

values.
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Figure 4.16. Dose-dependent release of TNFa in response to LPS. Macrophages were treated with 20 ng/ml IFNy
+ LPS at the concentrations indicated for 16 h. Cell supernatants were harvested and analyzed for TNFa cytokine
release by ELISA. Non-linear regression was used to fit the data to a curved and determine the EC20. Data are the
mean + SEM of three technical replicates.

THP-1 derived macrophages were thus treated with 20 ng/ml IFNy + 20 pg/ml LPS in the presence
or absence of the NMP’s for 16 h. Total RNA was extracted and used to measure the relative
expression levels of selected M1 markers by gPCR. Cell supernatants collected were analyzed for

pro-inflammatory cytokine production (TNFa and IL-6) by ELISA.

Expression levels of CCL2, TNFa, IL-12, IL-15, Rel4, and SOCS3 were measured using gPCR.
While up-regulation of CCL2, TNFa, and IL-14 was evident in response to IFNy + 20 pg/ml LPS,
we did not observe a significant up-regulation of IL-12, RelA, and SOCS3 in response to the lower
concentration of LPS in these experiments. NMP-exposure did not affect the response to M1
stimulation (Figure 4.17), with the exception of PVC treatment which inhibited IL-12 expression
in the M1 polarized macrophages (Figure 4.17 (c)-(f)). Thus, for the most part, NMP’s exposure

did not affect the expression of M1 marker genes in response to M1 polarization.
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Figure 4.17. Relative expression of M1 macrophage marker genes in macrophages exposed to NMP’s during
M1 polarization. THP-1 derived macrophages were exposed to different NMP’s along with 20 ng/ml IFNy and 20
pg/ml LPS for 16 h. Relative expression levels of M1 macrophage marker genes were measured by gPCR for (a)
CCL2 (b) TNFe (c) IL-12 (d IL-15 (e) RelA and (f) SOCS3. Data are normalized to three reference genes, and
expression is shown relative to vehicle-treated controls (CNRQ) = SEM. Three independent experiments were
performed (n=3). Statistical analysis was carried out with one-way ANOVA in gbase software. CTRL 1 =PBS, CTRL
2 = PBS + 1:10,000 Tween20, POS.CTRL = 20 ng/ml IFNy + 20 pg/ml LPS. * = p < 0.05 compared to the positive
control (POS.CTRL)

In the absence of NMP stimulation, we measured an average concentration of 1451 pg/ml TNFa
in the positive control. We saw a significant reduction in the TNFa release from the macrophages
exposed to all three of the NMP’s: 681 pg/ml (PMMA), 742 pg/ml (PS), and 786 pg/ml (PVC)
(Figure 4.18 (a)). In the absence of NMP, we measured an average concentration of 88 pg/ml IL-
6 concentration in the positive control. Treatment with PS did not affect the IL-6 release, whereas
we saw a slight increase in concentrations with response to PVC (98.7 pg/ml) and PMMA (98.3
pg/ml) exposures (Figure 4.18 (b)).
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We can conclude that exposure to NMP’s suppressed TNFa release in M1 polarized macrophages

from the results obtained. In contrast, PMMA and PVC slightly increased the release of IL-6.
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Figure 4.18. Cytokine release in macrophages exposed to NMP during M1 polarization. THP-1 derived
macrophages were polarized into M1 macrophage with 20 ng/ml IFNy and 20 pg/ml LPS in the presence of PMMA,
PS or PVC at the highest particle concentrations for 16 h. Cytokine levels in the supernatants were measured by ELISA
for (a) TNFa and (b) IL-6. Results are represented as concentration (pg/ml) mean £ SEM for three biological replicates
(n=3). Statistical analysis was performed with one-way ANOVA using GraphPad Prism. CTRL 1 =PBS, CTRL 2 =
PBS + 1:10,000 Tween20, POS.CTRL = 20 ng/ml IFNy + 20 pg/ml LPS. ** = p <0.01, **** = p <0.0001 compared
to the positive control (POS.CTRL)

In parallel, we tested the effect of NMP’s on cytokine release in macrophages stimulated with 20
ng/ml IFNy in the absence of LPS. Supernatants from macrophages treated with 20 ng/ml IFNy
(positive control) had an average of 80 pg/ml TNFa; exposure to PMMA, PS, PVC suppressed the
IFN-induced TNFa secretion to 8 pg/ml, 7.5 pg/ml, and 13 pg/ml respectively, which was at the
borderline of detection for this assay. The level of secreted IL-6 was 80 pg/ml in the positive
control, whereas NMP exposed cells produced less IL-6 with 6 pg/ml (in PMMA and PS) and 8.5
pg/ml (in PVC), also at the borderline of detection for this assay. The results in Figure 4.19 (a) and
(b) show that the NMP exposure significantly suppresses TNFa and IL-6 cytokines in IFNy

stimulated macrophages.
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Figure 4.19. Cytokine release in macrophages exposed to NMP during M1 polarization without LPS.
Macrophages were treated with 20 ng/ml IFNy in the presence of PMMA, PS, or PVC at the highest particle
concentrations for 16 h. Cytokine release was measured by ELISA for (a) TNFa and (b) IL-6. Data shown are mean
+ SEM of three biological replicates (n=3). One-way ANOVA was performed using GraphPad Prism. CTRL 1 =PBS,
CTRL 2 =PBS + 1:10,000 Tween20, POS.CTRL =20 ng/ml IFNy. **** = p <0.0001 compared to the positive control
(POS.CTRL)

4.5. Investigating whether NMP’s exposure cause inflammatory responses in THP-1
monocytes

Monocytes are a subset of cells, a part of the mononuclear phagocyte system, that can differentiate
into dendritic cells (DCs) and macrophages. By responding to an inflammatory stimulus,
monocytes circulating in the bloodstream as precursor cells migrate into tissues and differentiate

into macrophages or DCs [90].

4.5.1. Effect of NMP’s in unstimulated THP-1 monocytes
In previous studies with human monocytes isolated from PBMCs, NMP exposure (18 h) triggered

both pro and anti-inflammatory cytokines (Weber et al. unpublished data).

We, therefore, wanted to test whether a similar inflammatory response could be triggered by
exposure of THP-1 cells to NMP’s We exposed the THP-1 cells to the highest concentration of
NMP’s. After 18 h, supernatants were collected and tested for TNFa, IL-6, and IL-10 cytokines
by ELISA.
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Figure 4.20. Cytokine release in monocytes when exposed to NMP’s. THP-1 monocytes were treated with different
NMP’s at high concentrations for 18 h. Cytokine levels of (a) TNFa and (b) IL-6 were measured by ELISA. Results
are presented as mean calculated concentration (pg/ml) + SEM with three biological replicates (n=3). Statistical
analysis was not performed as concentrations were detected only in the positive control. CTRL 1 =PBS, CTRL 2=
PBS + 1:10,000 Tween20, POS.CTRL = 100 ng/ml LPS.

The concentration of TNFa was 4629 pg/ml, and I1L-6 was 17 pg/ml in the LPS-treated monocytes
(positive control, Figure 4.20 (a) and (b)). Both cytokines were not detectable in the negative
controls and NMP-exposed monocytes. We were unable to detect IL-10, which is considered to

be anti-inflammatory and associated with M2 polarization, in any of the samples.

We thus conclude that NMP exposure did not trigger an inflammatory response in THP-1

monocytes or cause the production of IL-10, which is associated with M2 polarization.

4.5.2. Effect of NMP’s in LPS stimulated THP-1 monocytes

The results above showed that the NMP exposure did not trigger an inflammatory response in
unstimulated monocytes. We, therefore, investigated whether exposure to NMP could affect the
inflammatory response triggered with LPS stimulation. To do this, we first determined the EC20
of LPS stimulated TNFa release to ensure that the system was not saturated. To find EC20, we
performed an LPS dose-response with varied concentrations from 1 pg/ml to 1 pg/ml, treated for

18 h. The cell supernatants were analyzed for TNFa cytokine release by ELISA.
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Figure 4.21 Dose-dependent release of TNFe in response to LPS. Monocytes were treated with different LPS
concentrations for 18 h. Cell supernatants were harvested and analyzed for TNFa cytokine release by ELISA. Non-
linear regression was used to fit the data to a curved and determine the EC20. Data are the mean + SEM of three
technical replicates.

We observed a detectable and dose-dependent release of TNFa in response to LPS in between 1

pg/ml and 1pg/ml. EC20 was calculated as 300 pg/ml (Figure 4.21) (refer to section 3.10).

THP-1 monocytes were thus treated with 300 pg/ml LPS in the presence or absence of NMP’s for
18 h. Supernatants were analyzed for TNFa, IL-6, and IL-10 production by ELISA.

In the absence of NMP exposure, the TNFa concentration was 223 pg/ml in the positive control.
We saw a significant reduction in TNFa release from the LPS stimulated macrophages exposed to
all three NMP’s: 100 pg/ml (PMMA), 88 pg/ml (PS), and 115 pg/ml (PVC) ((Figure 4.22 (a)). In
the absence of NMP exposure, the IL-6 concentration was 78 pg/ml in the positive control. In cells
treated with NMP’s, the concentrations were 4 pg/ml, which is below the assay's detection limit

(Figure 4.22 (b)). We were unable to detect IL-10, which is considered to be anti-inflammatory.

We thus conclude that the NMP exposure suppresses TNFa and IL-6 cytokines signaling in LPS

stimulated monocytes.
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Figure 4.22. Cytokine profiling in LPS-stimulated THP-1 monocytes exposed to NMP’s. LPS-treated monocytes
were exposed to different NMP’s at high concentrations. Cell supernatants collected by 18 h were measured for
cytokine release in LPS-stimulated monocytes as shown (a) TNFa (b) IL-6. Results are shown as calculated mean
concentration (pg/ml) £ SEM with three biological replicates (n=3). By one-way ANOVA, statistical analysis was
performed using GraphPad software. CTRL 1 = PBS, CTRL 2 = PBS + 1:10,000 Tween20, POS.CTRL =300 pg/ml
LPS. **** = p <0.0001 compared to the positive control (POS.CTRL)
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5 Discussion

This master thesis aims to investigate whether NMP’s have pro-inflammatory effects in monocytes
or macrophages using the THP-1 cell line as a model. Using confocal microscopy and different
approaches to measure inflammatory responses, we were able to conclude that the NMP’s made
of PMMA, PS, and PVC sources were recognized and internalized by macrophages but did not

have pro-inflammatory effects under these experimental conditions.

5.1 Cytotoxicity

Any particulate which is foreign to our body can exhibit a toxic effect [91]. Microplastics entering
the human body may cause toxicity, followed by inducing or enhancing an inflammatory response
[7]. Based on the polymer type, the toxicity may vary based on several factors like size,
concentration, charge, and shape [92] and show differential cytotoxic effects in cell types [93].
Therefore, it was essential to assess if the NMP’s we used in this study affect the THP-1 cell
viability. Thus, we investigated the cytotoxicity of PMMA, PS, and PVC plastic particles with
different concentrations in monocytes and macrophages for short and long-time exposure.

The cytotoxic effects of PS in immune cells were previously investigated by Lunov et al. [85].
They reported that neither carboxy nor amino-functionalized spherical PS nanoparticles (0.01-100
ug/ml) had any effect on cell viability in THP-1 monocytes and macrophages following 48 h of
exposure. In contrast, we showed that exposure to the irregular polydisperse PS at the highest
concentration (=~ 0.5 pg/ml) caused a slight reduction in monocyte viability after 24 h. Interestingly,
we observed reduced viability after 72 h exposure to PS in both monocytes and macrophages,
together suggesting that cytotoxicity may increase with longer exposure times and supports the

use of longer exposure times in future studies.

The cytotoxicity of PMMA on human-monocyte-derived macrophages was investigated by
Yoshioka et al. [94]. They reported decreased cell viability after 24 h exposure to PMMA beads at
a concentration of 1000 particles/cell. In contrast, we did not see any effect of the polydisperse
PMMA in monocytes or macrophages after 24 h. We did, however, show a reduced viability of
macrophages after 72 h of exposure. The primary macrophages may be more sensitive to the
cytotoxic effects of PMMA compared to THP-1 derived macrophages, or given that particles of
different sizes and shapes can have differing cytotoxic properties, their use of uniform beads versus

polydisperse PMMASs may also be important.
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Polydisperse PVC microplastics with concentrations ranging from 10-1000 pg/ml were previously
shown to not affect the viability of PBMCs after 24 h of exposure [95]. Our findings in THP-1
monocytes agree with and expand on this study to show PVVC was not cytotoxic at concentrations
of ca. 4 ug/ml-25 mg/ml up to an exposure duration of 72 h. Interestingly, PVC was toxic at the
concentration of ca. 25 mg/ml in the THP-1-derived macrophages after 72 h of exposure. While
we were unable to find any studies investigating the cytotoxicity of PVC particles specifically in
macrophages. Mahadevan et al. [96] reported a high toxicity of PVC beads at 200 pg/ml in non-
immune cells (BHK-1 cells) after 72 h.

5.2 Particle internalization

The internalization of NMP’s by macrophages has been demonstrated previously for PMMA [97],
[98], and PS [13] [85]. Using live confocal microscopy, we demonstrated that THP-1 derived
macrophages fully internalized polydisperse PMMA, PS, and PVC particles within 16 h of
exposure. We investigated internalization using both live imaging and in fixed cells. While we saw
internalization at 30 min in the fixed cells, the particles we observed in the live cells appeared to
be adhered to the cells but not internalized at this time point. It was unclear if this was due to
differences in the handling of the cells, or the increased accuracy achieved by imaging the plasma

membrane stain in living cells.

Papa et al. [98] reported that in vivo, microglial cells stimulated with LPS internalized PMMA
beads within 30 min of exposure, which rather agrees with findings in the fixed cells. The
internalization of functionalized PS (PS-COOH) particles in THP-1 macrophages after 2 h and 24
h of exposure, were previously reported by Lunov et al. [85] and Stock et al. [13]. We were unable
to find studies demonstrating the specific internalization of PVC by macrophages. A study using
Caco-2 cells, exposed to irregular PVC particles for 24 h, reported there was almost no cell contact

[99], implying that the uptake of the PVC may require mechanisms specific to phagocytic cell
types.

Thus, we demonstrated that THP-1 derived macrophages internalized NMPs, but, as discussed
below, our data suggested that this did not produce an inflammatory response under these
experimental conditions and could, in fact, suppress some responses to pro-inflammatory stimuli.
Phagocytosis occurs in a complex manner that involves many diverse cellular processes to ingest

the foreign particles and illicit the appropriate immune response [100]. Mechanisms of particle
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internalization depend on the type of receptors that recognize the particulates and the
characteristics of the particle itself. The variable mechanisms of phagocytosis have strong effects
on the inflammatory response [101]. For example, phagocytosis mediated by the complement
receptor does not typically cause inflammation versus phagocytosis mediated by the Fc receptor,
which is highly pro-inflammatory, and the internalization of apoptotic cells is generally anti-
inflammatory [102, 103]. Endocytic mechanisms are also triggered by a huge spectrum of pattern
recognition receptors (PRRs) which recognize specific pathogens and foreign matter and typically
result in an inflammatory response [104], while non-receptor mediated endocytosis mediated by
the clathrin-coat assembly, or macro-pinocytosis, for example, may not be pro-inflammatory
[105].

5.3 NMP exposure and inflammatory effects in macrophages

Based on previous observations of the general effects of NMP’s on immune responses [66, 94,
106, 107] and on our own studies with the polydisperse NMP’s used here (Weber et al.
unpublished). We hypothesized that the internalization of NMP’s by the THP-1 derived

macrophages would trigger pro-inflammatory responses.

Activation of NF-kB is common to many pro-inflammatory stimuli [88] and is required for
phagocytosis of certain pathogens [108]. NF-kB has been implicated in the cytotoxic response to
PS NMP’s in epithelial cells, but the effects in immune cells have, to my knowledge, not been
explored [109]. We report here that none of the three NMP types activated NF-xB (up to 24 h) in
macrophages. A similar study was performed by Toshihiro et al. [110], where they tested the
isolated titanium-alloy particles (known as particle wear debris) from a human total hip
arthroplasty in THP-1 macrophages for NF-«B activation. The results demonstrated that with LPS-
treated particles, translocation of NF-kB was seen, whereas the particles alone were not capable of

activating NF-kB. This study was in agreement with our findings, despite the different particle

type.

Consistent with established methods, treatment of THP-1 macrophages with IFNy + LPS caused
polarization to a pro-inflammatory (M1) phenotype associated with upregulation of expression of
M1 macrophage genes and secretion of pro-inflammatory cytokines TNFa and IL-6. Supporting

the lack of NF-kB activation shown previously, but in contrast to our hypothesis, exposure to the
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NMP’s had no effect on the expression of M1 marker genes or on the release of TNFa or IL-6.
Previous studies reported an induction of pro-inflammatory cytokines in THP-1 macrophages
exposed to carboxylated PS particles (20 pg/ml) and showed an increased IL-6 secretion by 24 h
[66]. Carboxylation of particles may alter the mechanism or degree of uptake, and the studies used
higher concentrations of PS which may account for the discrepancy between the findings. PMMA
beads were also reported to cause the production of TNFa and IL-6 cytokines in human-monocyte-
derived macrophages after 24 h. [94] . In this case, the beads were not modified. However, the use
of macrophages derived from primary monocytes is an important difference between this study
and ours, given that we previously showed pro-inflammatory effects of similar polydisperse
nanoparticles in primary immune cells (Weber et al. unpublished), we suggest the origin of the

macrophages may be an important determinant of the cellular response.

5.4 Exposure to NMP’s during M1 polarization

Exposure to NMP’s during M1 polarization did not alter the induction of CCL2 or TNFa
expression. Stock et al. [13] reported a similar lack of effect of functionalized PS particles on
macrophage polarization. They exposed THP-1 macrophages to PS particles at concentrations
25,000, 60,000, and 100,000 particles/ml for 24 h, followed by M1 and M2 stimulation for 30 min,
24 h, and 72 h, and showed that the expression levels of M1 or M2 specific surface receptors and
chemokines (CD206, CD209, CCL22, and CXCL10) were not affected.

In contrast to the gene expression data, we showed that exposure to all three NMP types suppressed
the release of TNFa during M1 polarization. Fuchs et al. [111] reported that M1 macrophages
obtained from PBMCs exposed to functionalized PS particles in for 6 h did not affect the TNFa
cytokine release during M1 polarization, which was not in agreement with our results. However,
the shorter time duration, different particle types, and different macrophage origins make it
difficult to compare this data with our findings. When we removed the LPS stimulation during M1
polarization, NMP exposures strongly suppressed the TNFao and IL-6 cytokine production. To our
knowledge, no previous studies have been reported the effects of plastic exposure during M1

polarization using IFNy alone.

5.5 NMP exposure and inflammatory effects in monocytes
We previously showed that PMMA, PS, and PVC particles caused pro-inflammatory cytokines
release in human monocytes (Weber et al. unpublished). Based on this finding, we hypothesized
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that a similar response would be observed in THP-1 cells, as they are used as an in vitro cell model

for human monocytes [54, 112].

However, when we exposed the THP-1 cells to PMMA, PS, and PVC NMP’s we did not see any
release of TNFa, IL-6, or IL-10. Our results were in contrast with studies by Prietl et al. [66], who
reported that carboxylated PS particles promoted IL-6 cytokine production in THP-1 monocytes
after 24 h of exposure. Han et al. [95] used longer exposure times (4 days) but also reported the
production of cytokines (TNFa and IL-6) in response to microplastics. They used polydisperse
PVC microplastics with concentrations ranging from 10-1000 pg/ml in PBMCs. Interestingly, the

TNFa induction decreased with increased concentrations of PVC.

When we stimulated the THP-1 cells with LPS, NMP’s suppressed TNFa and IL-6 release, which
was in contrast with Schutte et al. [113] who tested PMMA, and PVC particles in LPS treated
THP-1 monocytes for 24 h and reported an induction of TNFa, and IL-10 but not of IL-6. The
suppression of TNFa and IL-6 response to LPS, independent of polymer type, has been previously
shown for non-plastic nanoparticles, but it is unclear what mechanisms may be involved [114,
115].
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6 Conclusion and future perspective

The biological response of the immune cells to the secondary NMP’s is not well understood. There
is some evidence that certain types of NMP’s can trigger inflammation through their interactions
with immune cells [4, 94, 95, 113]. The main aim of this thesis was to investigate, using the THP-
1cell line, whether an inflammatory response is activated when monocytes and macrophages are
exposed to polydisperse secondary NMP’s made of PMMA, PS, and PVC.

To summarize the results, the nanoparticle tracking analysis showed that the sizes of the NMP’s
were in the range of 70-600 nm. Particle analysis by confocal microscopy demonstrated a
predominance of larger particles (or aggregated particles) at the bottom of the culture wells. All
polymer types tested were internalized by the macrophages. Cytotoxicity resulting from NMP
exposure varied between polymer types but was more evident after longer exposure times. NMP
exposures did not activate NF-kB or polarize the macrophages toward a pro-inflammatory (M1)
phenotype and did not cause inflammatory cytokine release in either monocytes or macrophages.
Instead, NMP exposure during monocyte or macrophage activation suppressed the release of

inflammatory cytokines.

Given that our results do not support the studies carried out using the same polydisperse polymer
types in primary immune cells, it will be important to repeat this study using primary human
monocytes and macrophages in parallel to assess the feasibility of using THP-1 cells as a model
system for studying effects of NMP’s on immune cells. Also, although our findings appear to be
generally inconsistent with the published literature, it is common that studies with negative

findings are underreported, so it is difficult to make a good comparison.

However, our data suggest that in THP-1 cells, the internalization of polydisperse NMP’s does not
initiate inflammatory activation of monocytes or macrophages, suggesting a lack of FcR or PRR
involvement. It would be interesting to explore the uptake mechanisms involved in the
internalization of these NMP’s and investigate this in both primary and THP-1 differentiated
macrophages. Such a comparative study could help to understand the differences in the

inflammatory responses observed between the two cell types.

While our studies accurately determined that the macrophages were able to internalize the NMPs,

a clear limitation was that we made no attempt to quantify either number of cells with internalized
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NMP’s, the numbers of particles internalized, or the size distribution of the internalized particles.
Since previous studies have reported that varying sizes could also influence the inflammatory
response, addressing this limitation would be an important future goal. Our studies were often
also limited by the use of single time points and single exposure concentrations. Including longer

exposures and NMP’s dose-response studies would allow for more confidence in the data.

We would also propose investigating effects on other monocyte and macrophage activation states
(e.g., M2 polarization). One study reported suppression of IL-10 by NMP’s in M2 macrophages
[111], while monocytes and other reported induction of IL-10 release [113]. Understanding the
risks associated with NMPs exposures will require a detailed understanding of how these particles
are recognized and internalized by different types of cells. Given the diversity and complexity of
secondary NMPs and the diversity of immune cells and immune cell activation states, this becomes

a significant challenge that should be addressed.
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Appendix A: Equipment and reagents

Table A.1 List of equipment and reagents used and the vendor from which they were

acquired, and the corresponding catalogue number.

Reagents Vendor Catalogue number

Cell cultivation

RPMI-1640 medium Sigma-Aldrich R0883

Fetal bovine serum Sigma-Aldrich F7524

L-Glutamine Sigma-Aldrich G8540

Gentamicin Sigma Aldrich G1397

Corning 75 cm? Cell culture flask Sigma-Aldrich CLS430641U

Phosphate Buffered Saline Tablets Sigma-Aldrich P4417

RNA extraction

B-mercaptoethanol Sigma-Aldrich M7522

E.Z.N.A.® Total RNA Kit | Omega BIO-TEK R6834-02

RNeasy® Mini Kit (250) Qiagen 74106

QuantiTect® Reverse Transcription Kit (200) Qiagen 205313

Differentiation reagents

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139-5MG

Interferon gamma (IFNy) Sigma-Aldrich 11040596001

Lipopolysaccharide (LPS) Sigma-Aldrich L2654-1MG

Staining dyes and Antibodies

CellMask™ Deep Red Plasma Membrane Stain ~ Thermo-fisher C10446

Adipored Lonza PT-7009

DAPI Invitrogen D1306

NF-«xB p65 (L8F6) Mouse Ab Cell Signalling 6956S
Technology

AlexaFluor™ 546 goat anti-mouse 1gG (H+L) Invitrogen A11030

AlexaFluor™ 594 goat anti-mouse 1gG (H+L) Invitrogen A11032

cDNA synthesis

QuantiTect® Reverse Transcription Kit (200) Qiagen 205313

gPCR

LightCycler® 480 Multiwell Plate 96 Roche 04729692001

LightCycler® 480 SYBR® Green | Master Roche 04887352001

Resazurin assay

Resazurin R&D Systems AR002
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ELISA

Human TNFo DuoSet R&D Systems DY210-05
Human IL-6 DuoSet R&D Systems DY206-05
Human IL-10 DuoSet R&D Systems DY217B-05
DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems DY008

60



Appendix B: Characterization of NMP’s by NTA and CLSM

Table B.1. Settings of nano tracking analysis for the particle stock suspensions

s e £ N
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2 55 £ £ sg 3¢ 5 €8 <2

] = @ O L = | e —— S .2 = o

%) O L O [ = OF o a0 = 1
PMMA 1:100 14 37°C 120s 8 5x5 12 10
Control for PMMA 1:100 14 37°C 120s 8 5x5 12 10
PS 1:100 12 37°C 120s 8 5x5 12 10
Control for PS 1:100 12 37°C 120s 8 5x5 12 10
PVC 1:1000 12 37°C 120s 10 5x5 12 10
Control for PVC 1:1000 12 37°C 120s 10 5x5 12 10

Table B.2. Laser settings used for visualization of the NMP’s in CLSM

NMP’s Laser
PMMA 488nm

PS 561 nm

PVC (NileRed) 561 nm
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Appendix C: Additional data from TBT4500 course — Time-
dependent relative expression of differentiation markers

In this experiment, the cells were treated with 10 nM PMA for 4 h, 24 h, and 48 h. CD36 induction
was seen at 24 hours, whereas CD14 induction peaked at 48 hours. Thus, the results demonstrated

that the monocytes were differentiated into macrophages with PMA treatment.
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Figure C.1. gPCR analysis of CD14 and CD36 gene markers in PMA-differentiated macrophages along the indicated
time-point. The results are obtained from a single experiment (n=1)
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Appendix D: Gene expression analysis by gPCR

Table D.1. Temperature conditions in the LightCycler

Step Temperature Time Cycles
Pre-incubation ~ 95°C 10 min 1
Amplification 45
Denaturation 95°C 10 sec
Annealing 55°C 10 sec
Extending 72°C 10 sec
Melting 95°C 5 sec 1

65°C 60 sec

97°C 1 sec
Cooling 40°C 10 sec 1
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Table D.2. List of primers used and their sequences.

Gene

Sequence

Human ACTB

Human RPS18

Human GAPDH

Human CCL?2
Human TNFa
Human IL-12
Human COX-2
Human IL-6
Human SOCS3
Human IL-1p

Human RelA

forward 5" - AAGACCTCTATGCCAACAC -3°
reverse 5- TGATCTTCATGGTGCTAGG -3

forward 5" - CAGAAGGATGTAAAGGATGG-3’
reverse 5-TATTTCTTCTTGGACACACC-3

forward 5"-ACAGTTGCCATGGTAGACC-3’
reverse 5 -TTTTTGGTTGAGCACAGG-3’

forward 5- AGACTAACCCAGAAACATCC -3
reverse 5'- ATTGATTGCATCTGGCTG -3
forward 5- AGGCAGTCAGATCATCTTC -3
reverse 5-TTATCTCTCAGCTCCACG -3
forward 5"-AAGACCTCTTTTATGATGGC -3
reverse 5'-CATTCATGGTCTTGAACTCC -3
forward 5" - AAGCAGGCTAATACTGATAGG -3
reverse 5-TGTTGAAAAGTAGTTCTGGG -3°
forward 5" - GCAGAAAAAGGCAAAGAAT -3°
reverse 5'- CTACATTTGCCGAAGAGC -3
forward 5'- CCTATTACATCTACTCCGGG -3’
reverse 5'- ACTTTCTCATAGGAGTCCAG -3
forward 5"- CTAAACAGATGAAGTGCTCC -3
reverse 5'- GGTCATTCTCCTGGAAGG -3
forward 5" - GAAGAAAAACGCAAAAGAAC -3
reverse 5°- TTCAGTTGGTCCATTGAAAG -3

64



Appendix E: Additional data — Uptake studies of NMP’s in
macrophages

For this experiment, macrophages were exposed to the different NMP’s for 30 min, 2 h, and 16 h.
After treatment, the cells were fixed and stained with the plasma membrane and Hoechst stain for
visualizing the nuclei and cell membrane. The fixed cells were imaged using confocal microscopy
with a 63x/1.4 oil immersion. Z-stacks were performed for determining the internalization of the

NMP’s. For PVC, we stained the particles with NileRed after fixing the treated cells.

Maximum Intensity Projection

Orthogonal View
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Maximum Intensity Projection

Orthogonal View

Figure E.1. Representative images showing the internalization of NMP’s in THP-1 derived macrophages.
Macrophages were exposed to PMMA and PS for indicated time points. The images presented here show the
maximum intensity projection view of images obtained from the Z-stack series and the orthogonal view (x-y projection
along with respective side views (x-z and y-z projections)).

16 h

Maximum Intensity Projection Orthogonal View

Figure E.2. Representative images showing the internalization of Nile Red stained PVC in THP-1 derived
macrophages. Macrophages were exposed to PVC for 16 h. The images presented here show the maximum intensity
projection view of images obtained from the Z-stack series and the orthogonal view (x-y projection along with
respective side views (x-z and y-z projections)).
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Appendix F: Additional data — Relative expression of M1 markers
in NMP’s exposed macrophages

THP-1 derived macrophages were exposed to PMMA, PS and PVC for 48 h and 72 h. Total
RNA was analyzed for expression of CCL2 and IL-12 using qPCR. The gene expression analysis
was not performed for the positive control.
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Figure F.1. Relative expression of M1 macrophage marker genes in macrophages exposed to NMP’s. THP-1
derived macrophages were exposed vehicle (CTRL) or to PMMA, PS, or PVC at the highest particle concentrations
for the indicated time points. Graphs show the relative gene expression of CCL2 and IL-12 at (a) 48 h and (b) 72 h.
measured using gPCR. Data were normalized to three reference genes, and the mean expression relative to the vehicle-
treated control (CTRL) (CNRQ) + SEM is shown. Data for the NMP’s exposures represent the results from three
independent experiments (n=3.), no positive control was kept during the experiment. Statistical analysis was carried
out with one-way ANOVA in gbase+.
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