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ABSTRACT
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Metal oxide nanoparticles are widely used in both consumer products and medical applications,
but the knowledge regarding exposure-related health effects is limited. However, it is challeng-
ing to investigate nanoparticle interaction processes with biological systems. The overall aim of
this project was to improve the possibility to predict exposure-related health effects of metal
oxide nanoparticles through interdisciplinary collaboration by combining workflows from the
pharmaceutical industry, nanomaterial sciences, and occupational medicine. Specific aims were
to investigate nanoparticle-protein interactions and possible adverse immune reactions. Four dif-
ferent metal oxide nanoparticles; CeO, nanocrystals with 5% or 14% Gd, Co30,, and Fe,0Os, were
characterized by dynamic light scattering and high-resolution transmission electron microscopy.
Nanoparticle-binding proteins were identified and screened for HLA-binding peptides in silico.
Monocyte interaction with nanoparticle—protein complexes was assessed in vitro. Herein, for the
first time, immunogenic properties of nanoparticle-binding proteins have been characterized.
The present study indicates that especially Co304-protein complexes can induce both ‘danger
signals’, verified by the production of inflammatory cytokines and simultaneously bind autolo-
gous proteins, which can be presented as immunogenic epitopes by MHC class Il. The clinical
relevance of these findings should be further evaluated to investigate the role of metal oxide
nanoparticles in the development of autoimmune disease. The general workflow identified
experimental difficulties, such as nanoparticle aggregate formation and a lack of protein-free
buffers suitable for particle characterization, protein analyses, as well as for cell studies. This con-
firms the importance of future interdisciplinary collaborations.

Abbreviations: MONP: metal oxide nanoparticle; MONPPC: metal oxide nanoparticle-protein
complexes; MHC: major histocompatibility complex; PBMCs: peripheral-blood mononuclear-cells;
AAT: alpha-1-antitrypsin; NP: nanoparticle; ROS: reactive oxygen species; ETX: endotoxins.
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Introduction

Metal oxide nanoparticles (MONPs) have a broad
spectrum of applications and represent many of
today’s commercially produced nanomaterials (Abo-
Zeid and Williams 2020; Dijurisic et al. 2015).
MONPs, including Fe,O5; and Co30,, are used as cat-
alysts (Patil et al. 2004), as anode materials in lith-
ium batteries in everyday objects, such as
telephones and computers, and in sensors detect-

ing pollutants or biomolecules (Li, Xu, and Chen

2005). Medical applications include the use of
MONPs, especially iron oxide (Nune et al. 2009;
Wang et al. 2014, 2015), as a contrast agent in mag-
netic resonance imaging (MRI) because of their
great magnetic properties and that iron is naturally
occurring in vivo. Nanoparticles (NPs) of Gadolinium
oxide have been investigated for MR contrast
enhancement (Ahrén et al. 2010, 2012; Petoral et al.
2009). Cerium oxide NPs with integrated gadolinium
are also being pursued as possible contrast agents
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(Eriksson et al. 2018). Thus, exposure to these mate-
rials happens either unintentionally, when emerging
from the environment, or intentionally when
MONPs are used in medical practice.

The unique physical and chemical properties of
MONPs compared to their bulk counterparts not
only provides new application opportunities but
may pose new health risks as well. For instance,
studies have shown that various MONPs can induce
both acute and chronic inflammation in murine
models following inhalation (Cho et al. 2010; Sisler
et al. 2015). Nano-specific toxicity is often ascribed
to the increased surface area to volume ratio of the
MONPs, which results in higher surface reactivity
and consequently triggers the production of react-
ive oxygen species (ROS) by cells causing oxidative
stress (Cappellini et al. 2018; Choi and Hu 2008;
Mirzaei et al. 2018). Another important aspect influ-
encing MONP-induced toxicity is the size-related
property of them to translocate from lungs or
gastrointestinal tract resulting in final residence in
various organs and tissues (Buzea, Pacheco, and
Robbie 2007; Guttenberg et al. 2016).

A central aspect of MONP toxicology is to investi-
gate the interaction of MONPs with cells of the
immune system. One possibility is that MONPs may
be recognized by toll-like receptors (TLRs) shaping
both adaptive and innate immune responses.
Recently, effects of MONPs on TLR-mRNAs in human
monocytes have been suggested (Vasilichin et al.
2020). Monocytes are key players and primary initia-
tors of antigen-specific immune responses in
acquired immunity (Jakubzick, Randolph, and
Henson 2017). They act as phagocytizing cells, pro-
cess antigen, modulate immune responses by pro-
duction of cytokines and/or  chemokines,
differentiate into dendritic cells or tissue-associated
macrophages, and activate T lymphocytes via major
histocompatibility complex (MHC) class Il antigen
and  presentation (Wong et al. 2012).
Monocyte-MONP interactions are initially deter-
mined by the cell’s ability to recognize and take up
the MONPs. In a previous paper, we showed that
noncoated gadolinium oxide NPs induce ROS pro-
duction from neutrophils, while biocompatible coat-
ing of these MONPs minimizes ROS induction
(Abrikossova et al. 2012). In biological fluids, such
as blood, biomolecules adsorb to the MONP surface
leading to formation of a protein corona (Deng et

al. 2009). This new biological identity impacts the
MONPs biological fate and immune responses
(Khang et al. 2014). For example, recent studies
have shown that corona formation and its compos-
ition affect cytokine release and apoptosis in mono-
cyte cell lines (Dai et al. 2017). Also, different
macrophage internalization pathways are initiated
depending on which proteins adhere to the NPs
(Yan et al. 2013).

It appears that most studies of MONP immuno-
toxicity either look past the possible impact of the
protein corona (Chattopadhyay et al. 2015; Dankers
et al. 2018; Giovanni et al. 2015; Grosse, Stenvik,
and Nilsen 2016; Horev-Azaria et al. 2013; Hussain
et al. 2012; Mirzaei et al. 2018) or uses fetal bovine
serum for corona formation without protein identifi-
cation (Boyles et al. 2015; Dai et al. 2017; Gonnissen
et al. 2016). A noteworthy study by Mirshafiee et al.
(2016) showed differential macrophage uptake of
silica NPs, which was dependent on whether cor-
onas were formed from human plasma or human
serum. Thus, selecting a biologically relevant milieu
is fundamental in order to evaluate human rele-
vance. In toxicity evaluations of NPs, it is of main
importance to characterize the NPs in use, by
means of elemental composition and size distribu-
tion. This will enable comparison between studies
as well as increase the understanding of the behav-
ior of the NPs during present experimental condi-
tions (Murdock et al. 2008; Warheit 2008).
Moreover, it can be used to assess how NP charac-
teristics affect protein binding and thus the bio-
logical identity of the NPs (Lundqvist et al. 2008;
Lynch et al. 2007).

In the present study, the overall aim was to
improve the possibility to predict exposure-related
health effects of MONPs through interdisciplinary
collaboration by combining workflows from the
pharmaceutical industry, nanomaterial sciences, and
occupational medicine. Specific aims were to inves-
tigate NP-protein interactions and possible adverse
immune reactions. In this workflow, four different
MONPs were characterized and proteins associated
to each MONP type after exposure to human
plasma were identified. Potential immunogenicity of
the NP-binding proteins was analyzed further using
an in silico model designed for evaluating immuno-
genicity of biopharmaceuticals. Only endogenous
proteins were candidates for this screening; thus,



Table 1. The four investigated particle types.

Particle type Occurrence Application

C0304 ~50nm Occupational/Environmental Exposure -
Fe;03 —50nm Occupational/Environmental Exposure -
Ce0,:Gd5% 10 nm - Medical purposes
Ce0,:Gd14% 19 nm - Medical purposes

the relative risk for autoimmune disease was the
key question. The effect of MONP-protein com-
plexes on peripheral white blood-cell function,
including cytokine release, was investigated using
human primary peripheral blood mononuclear cells
(PBMCs) from healthy donors.

Material and methods
Metal oxide nanoparticles

Commercial cobalt (Il, 1ll) oxide <50nm (637025-
25G, Co30,) and iron(lll) oxide <50 nm (544884-5 G,
Fe,03) NPs were acquired from Sigma Aldrich (St.
Louis, MI, USA). Particle size had been determined
by the manufacturer using transmission electron
microscopy (TEM). Cerium oxide nanocrystals with
5% or 14% gadolinium (CeO,:Gd5% <10nm and
Ce0,:Gd14% <10nm) were synthesized by wet-
chemical synthesis and characterized by DLS in
Milli-Q H,O and high-resolution transmission elec-
tron microscopy by our team at Molecular Surface
Physics & Nanoscience, IFM, Linkoping University.
Co304 and Fe,03; are common occupational con-
taminants whereas the CeO,:Gd particles are candi-
dates for medical applications, Table 1.

Nanoparticle characterization

For DLS measurements, MONPs were dispersed in
Milli-Q H,0, 50% RPMI1640 medium in Milli-Q H,O,
or pure RPMI1640 medium, sonicated for
10 minutes and temperature stabilized in a 22°C
thermostat bath. The samples were diluted until a
signal intensity of about 100kHz was reached.
Measurements were performed at least three times
at 22°C, for 60seconds with an ALV/DLS/SLS-5022F
system (ALV-GmbH, Langen Germany) equipped
with a 632.8 nm HeNe laser operating at a 90° scat-
tering angle. The samples were polydisperse (poly-
dispersity indexes were above 0.3), therefore, the
autocorrelation function was analyzed using contin
fit. TEM samples were prepared as follows. Dilute

NANOTOXICOLOGY . 3

samples of MONPs (MilliQ water for CeO,:Gd5% and
Ce0,:Gd14% and in ethanol for Co3;0, and Fe,05)
were sonicated for a minimum of 30minutes and
subsequently drop casted onto lacey carbon films
supported by a cupper grid. TEM imaging was per-
formed on a FEI TECNAI G2 TF20 UT equipped with
a field emission gun and operating at an acceler-
ation voltage of 200 kV. Images were analyzed using
DigitalMicrograph  3.21.1374.0 (Gatan Inc) and
ImagelJ 1.52i (National Institute of Health, USA).

Blood sampling

Venous blood from healthy adult volunteers was
collected into sodium citrate- and sodium heparin
tubes for MONP incubation and isolation of PBMCs,
respectively. Approximately 15mL blood was col-
lected from each donor by licensed personnel. All
blood donors signed a written consent in which
they received information regarding blood donation
for research purposes. The use and handling of
blood followed Swetox and the Karolinska
Institute guidelines.

Nanoparticle/plasma protein incubation prior to
identification of adherent proteins

Plasma was recovered from whole blood by centri-
fugation at 800g for 10minutes and stored at
—80°C until incubation with MONPs. MONP/plasma
protein incubations were essentially performed as
previously described by Deng et al. (2009).
Modifications included protein-free  RPMI1640
medium and the centrifugation step of plasma was
omitted to prevent protein structure alterations that
may impact the binding properties. In addition, to
prevent unspecific protein interactions and facilitate
drying of the protein pellet prior to 2DGE, protein
precipitation wash buffer was used; dithiothreitol
(DTT, Sigma-Aldrich) 20 mM/-acetone.

MONPs were, as described above, dispersed in
protein-free  RPMI1640 medium Basel,
Switzerland) to a final concentration of 2mg/mL
before 1-hour in vitro incubation with 1% autolo-
gous plasma (600 ug protein/mL) at room tem-
perature. Controls, without MONPs, were prepared
to ensure that there was no protein precipitation.
Following incubation, samples were centrifuged
40 minutes at 50 000g at 4°C. The supernatant,

(Lonza,
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containing unbound proteins, was discarded and
pellets, consisting of metal oxide NP-protein com-
plexes (MONPPC), were washed using a dithiothrei-
tol (DTT, Sigma-Aldrich) 20 mM/-acetone buffer
before further centrifugation for 10 minutes at 50
000g at 4°C. The supernatant was discarded, and
pellets were allowed to air dry prior to pro-
tein analyses.

Protein identification by two-dimensional gel
electrophoresis (2DGE) and matrix-assisted laser/
desorption time-of-flight mass spectrometry
(MALDI-TOF MS)

Corona proteins were separated using 2DGE in a
setup previously described by Karlsson et al. (2005),
essentially according to Gorg et al. (2000). Briefly,
MONPPC were reconstituted in sample solution
consisting of 9M urea, 65mM DTT, 2% pharmalyte
(GE Healthcare), 4% CHAPS (Sigma Aldrich) and 1%
bromophenol blue, incubated 1hour and centri-
fuged for 30minutes at 50 000g at 4°C. Then,
50 pL of the supernatant comprising denatured pro-
teins was mixed with 300 pL rehydration solution
containing 8M wurea, 19mM DTT, 4% CHAPS,
5.5 mM Orange G (Sigma Aldrich) and 0.5% IPG buf-
fer 3-10 NL (GE Healthcare). The first dimension
was performed by in-gel rehydration on pH 3-10
nonlinear IPG strips (GE Healthcare) using an Ettan
IPGphor 3 (GE Healthcare) and the following proto-
col: 30V for 12hours, 200V for 1hour, 500V for
1hour, 1000V until 1000 Vhr passed, 8000V until
3975 Vhr passed and 8000V until 48 000 Vhr
passed. Then, proteins were transferred to homo-
genous home-cast polyacrylamide gels (14% T, 1.5%
C) on a Multiphor Il (Ge Healthcare, Uppsala,
Sweden), which ran at 30mA, 40-800V, and 10°C
overnight. Proteins were silver stained according to
Shevchenko et al. (1996) with minor modifications
and visualized using a VersaDoc imaging system
4000 MP from Bio-Rad Laboratories (Hercules, CA,
USA). Dominating protein spots were excised from
the gel and destained according to Ghafouri et al.
(2007). Then, proteins were subjected to in-gel tryp-
sin digestion (Promega corporation, Madison, WA,
USA) as described by Karlsson et al. (2005). Tryptic
peptides were mixed 1:1 with 2,5-dihydroxybenzoic
acid in 70% acetonitrile/0.3% trifluoroacetic acid
(20mg/mL) and identified using a MALDI-TOF MS

UltrafleXtreme (Bruker Daltonics, Bremen Germany).
Spectra were acquired through 30 000 shots in the
mass range 700-3500kDa and processed with the
FlexAnalysis software version 3.4 (Bruker Daltonics).
A peptide calibration standard was employed for
external calibration and known trypsin autolysis
peaks (m/z 842.5100 and 2211.1046) were used dur-
ing internal calibration. Peptide masses (major
peaks) obtained from MALDI-TOF MS analysis were
submitted for database search using MS-FIT as
search engine. Restrictions were human species,
mass tolerance <50 ppm in most searches, trypsin
as digestion agent with maximum one missed
cleavage, and carbamidomethylation of cysteines
was chosen as a fixed modification. Hits were eval-
uated according to pl, molecular weight, dominat-
ing peaks in the spectra, and map matching.

Protein identification by nanoflow liquid
chromatography coupled to tandem mass
spectrometry (nLC-MS/MS)

Identities of corona proteins were confirmed with a
LTQ Orbitrap Velos Pro (Thermo Fisher Scientific,
MA, USA). Following 1 hour plasma incubation, the
MONPPC and one control without MONPs were
reconstituted in 450 uL 6 M urea, incubated for
30minutes and centrifuged at 50 000g for
30minutes at 4°C. The supernatant containing
denatured proteins was collected and run through
a 3kDa cutoff spin filter column (Amicon Ultra 3K
device; Merck-Millipore, Germany) to remove urea.
Samples were spun at 150 g for 20 minutes, reduced
with 0.25mM DTT in 25mM ammonium bicarbon-
ate for 15 minutes at 4°C, alkylated with 0.75mM
iodoacetamide in 25mM ammonium bicarbonate
for 15 minutes at 4°C and washed three times with
25 mM ammonium bicarbonate. Spin columns were
inverted to collect washed proteins, which were
then subjected to tryptic digestion (1:25, trypsin:-
sample protein by weight). To reduce autocatalytic
activity, samples were kept on ice 45 minutes before
incubation overnight at 37°C. Resulting peptides
were dried using a SpeedVac vacuum system
(Savant, Farmingdale, NY) and reconstituted in 0.1%
formic acid in water. A total protein concentration
of 250ng was loaded into the nanoflow HPLC sys-
tem  (Easy-nLC;  Thermo  Fisher  Scientific,
Massachusetts, USA). A 100mm*0.75 pum C18



column (Agilent Technologies, Santa Clara, CA, USA)
was used for reverse-phase separation of peptides
eluted with a linear increase of 2% to 40% aceto-
nitrile for 90 minutes. MaxQuant v1.5.12 (Max Planck
Institute of Biochemistry, Germany) was utilized for
spectra analysis and searches were made in the
human protein database (Swiss-Prot, downloaded
2018-04-25) with a mass tolerance of 4.5ppm for
MS and 20 ppm for MS/MS. Modifications were tryp-
sin as digestion agent and a maximum of 1
missed cleavage.

In vitro evaluation of immunological effects

Endotoxin assessment

Since endotoxins may interfere with the functional
immunoassays used, potential presence of endotox-
ins in the sample preparations were assessed as fol-
lows. The endotoxin content of the four different
MONP dispersions (without plasma proteins) was
assessed using a chromogenic Limulus Amebocyte
Lysate (LAL) endpoint assay (Hycult Biotech, Uden,
the Netherlands) according to the manufacturer’s
instructions with some modifications. The endotoxin
content of the four different MONP dispersions was
analyzed in relation to the lowest concentration
(0.04 EU/mL) of the endotoxin reference
for 40 minutes.

Preparation of peripheral blood mononuclear
cell culture

Experiments on human monocytes were performed
at former Swetox, a subsidiary of the Karolinska
Institute between 2014 and 2018. Whole blood
samples were collected from three healthy volun-
teers and PBMCs were isolated by Lymphoprep
density gradient centrifugation (Fresenius Kabi
Norge AS, Oslo, Norway). lIsolated PBMCs were
washed twice using phosphate-buffered saline con-
taining 2% human AB+serum  (Karolinska
University Laboratory, Stockholm, Sweden) for
10 minutes at 300g. Hereafter, cells were resus-
pended in complete medium; RPMI1640 (Thermo
Fisher scientific, Waltham, MA, USA) supplemented
with  100U/mL penicillin-streptomycin  (Thermo
Fisher), 2mM L-glutamine (Thermo Fisher), and 10%
human AB + serum (Karolinska University
Laboratory), transferred onto 48-well plates (2-10°
cells/mL, 500 pL/well) and cultured overnight in
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37°C, 5% CO,, and 97% humidity before incubation
with MONPPC.

Nanoparticle-plasma protein
ture incubation

MONPs were dispersed in incomplete medium;
RPMI1640 (Thermo Fisher), without AB -+ serum,
supplemented with 100 U/mL penicillin-streptomy-
cin (Thermo Fisher), and 2 mM L-glutamine (Thermo
Fisher) to a final concentration of 2mg/mL, fol-
lowed by 1 hour in vitro incubation with 1% autolo-
gous plasma (~600 g protein/mL), in separate sets
from each individual donor, at room temperature.
The stock dispersions of 2mg/mL MONPPC were
then diluted in incomplete medium to concentra-
tions of 0.11 p g/mL, 1.1 p g/mL and 11 p g/mL
before 50 L MONPPC dispersion were added to
500 pL of cell suspension. Thus, final MONP concen-
trations in the cell cultures were 0.01 ug/mL, 0.1 pug/
mL and 1pg/mL. Control stock dispersion for
Co304- and Fe,05 -particles was 1% plasma in com-
plete medium. Ce0,:Gd5% and CeO,:Gd14% could
not be separated from the water they were synthe-
sized in. Therefore, control stock dispersion for
Ce0,:Gd5% and Ce0,:Gd14% was 1% plasma in
1mL 65/35 sterile H,O/complete medium. Control
stock dispersions were added to the cell cultures in
the same proportions (50 uL to 500 pL cell culture)
as the MONPPC dispersions. Thus, cells were
exposed to <0.5% sterile water. Cells were then
incubated with MONPPC and controls for 24 or
72 hours in 37°C, 5% CO, and 97% humidity. After
incubation, the supernatant was collected and
stored at —80°C until cytokine analysis. Cells were
immediately prepared for flow-cytometry analysis.

complex/cell  cul-

Flow cytometry

All data were collected on a FACSCanto™ Il system
(BD Biosciences, Breda, the Netherlands). After the
24-hour exposure to MONPPC, cells were labeled
with monocyte-specific mouse anti-human CD14
APC-conjugated antibody (BD Biosciences) and 1 uM
SYTOX™ Blue (Thermo Fisher) for the detection of
dead cells. CFSE (carboxyfluoresceine, Thermo
Fisher) was used to discriminate cells from debris
and aggregates. Cells were sampled until approxi-
mately 500 CD14+ events were collected.
+Monocyte uptake of the MONPPC was measured
by gating on live CD14+ cells and calculating side-
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Figure 1. Gating on monocytes. (A) Histogram gate set on CD14+ cells (B) FSC/SSC dot plot showing CD14+ events (red) (C)
Histogram gate set on SYTOX™ Blue-positive events for discrimination of dead vs live cells.

scatter (SSC) mean values. An increase in SSC from
MONPPC-exposed versus non-exposed cultures was
used to verify potential particle uptake (lbuki and
Toyooka 2012). Data analysis was performed using
the BD FACSDiva software version 8.0. CD14+ cell
population was identified and gated using an APC-
histogram and then further exposed in a SYTOX™
Blue-histogram for determination of monocyte via-
bility, Figure 1.

Multiplex immunoassay

Cytokine release, following 24- and 72-hour incuba-
tion of PBMCs with MONPPC, was assessed using
the supernatant from one donor (Donor 1). A 7-Plex
Pro Human Cytokine kit (Bio-Rad) was used for
detection of the monocyte differentiation marker
GM-CSF, the T lymphocyte proliferation marker IL-2,
the anti-inflammatory marker IL-10 and the proin-
flammatory markers IL-1B, IL-6, IL-8, and TNF-a
according to the manufacturer’s instruction. The
fold change (stimulation index) was determined
with respect to control cultures without NP-expos-
ure. A twofold change or above was considered as
a positive response. Measurements were performed
on a BioPlex® 200 system (Bio-Rad) with the
BioPlex Manager software.

Immunogenicity of nanoparticle-binding proteins
by in silico MHC class Il epitope screening

To investigate the presence of MHC class Il epitopes
within identified corona-proteins, an in silico screen-
ing was performed. Ten of the proteins (Alpha-1-
antitrypsin, Alpha-2-HS-glycoprotein, Apolipoprotein
A-l, Complement C3, Fibrinogen beta chain,

Haptoglobin, Hemopexin, Serotransferrin, Serum
amyloid P-component, Transthyretin) identified by
MALDI-TOF MS were subjected to MHC class Il epi-
tope screening.

Screening for MHC class Il binding peptides
(T-cell epitopes) was performed using the SciCross
Immunogenicity Platform (SCIP). The T-cell epitope
prediction algorithms of SCIP are based on statistics
and machine learning, including support vector
machines (Donnes and Elofsson 2002) and optimiza-
tion techniques (Schubert et al. 2018). The data
used to develop these methods originate from both
the IEDB database and proprietary data sets. For
MHC class Il binding peptides, peptides are aligned
in order to identify 9-mer binding cores that are
used as algorithm training data. The methodology is
similar to the Gibbs sampling approach described
by Nielsen et al. (2004).

All query protein sequences were divided into 15-
mer peptides corresponding to a potential 9-mer
core and three flanking residues on each side.
Binding properties of every peptide was then pre-
dicted for eight alleles, each representing a super-
type of the Caucasian Western European population.
The predicted binding scores from the eight alleles
were combined into an overall immunogenicity
score for each peptide. This score ranges from 0 to
100, where 100 means that the peptide is predicted
to bind all tested alleles. For each peptide in the
protein assessed, it is then possible to assign an
immunogenicity score. Stretches along the protein
sequence with an immunogenicity score above 50
or 75, denoted as hotspots, were identified.
Furthermore, the average immunogenicity score/



peptide was determined to get an overall view of
the immunogenicity of the query proteins.

Results
Particle characterization

Ce0,:Gd5% and Ce0,:Gd14% samples were colloi-
dally stable in H,O but aggregated upon RPMI1640
exposure, as indicated by the large shift in correl-
ation function as well as size distributions obtained
using DLS, Figure 2(ab). Particle aggregation in
RPMI1640 was visible to the naked eye, Figure
2(c,d). Sample sizes were estimated utilizing
CONTIN fit intensity size distributions, Figure 2(e—j).
Ce0,:Gd5% and Ce0,:Gd14% have hydrodynamic
diameters less than 10 nm in H,O, whereas particle
aggregation in the two RPMI1640-containing media
were too pronounced to estimate hydrodynamic
diameters besides confirming that the NP aggre-
gates were above 1000 nm.

DLS spectra of Co30, and Fe,O5; samples are pre-
sented in Figure 3. Sedimentation of Cos0,; NPs
was observed. The size distributions of Co30, indi-
cated two peaks at about 100nm and 400nm in
H,O, in Figure 3(e). When Co304 was dispersed in
RPMI1640, the 400nm distribution became more
pronounced suggesting RPMI-induced aggregation,
Figure 3(g,i). The increased decay times of Co30, in
RPMI1640 media further supports this conclusion.
Fe,O5 size distribution consisted of one peak with a
hydrodynamic diameter of 200nm and a wider
peak exceeding 1000nm, and thus, aggregation
occurs in both H,O and RPMI1640-containing buf-
fers, Figures 3(f,h,j). Neither Cos04 nor Fe,O3 were
fully dispersible in any of the medias but were less
prone to aggregate in RPMI1640 than CeO,:Gd5%
and Ce0,:Gd14% as clearly indicated by the decay
times of the autocorrelation functions.

Ce0,:Gd5%, Ce0,:Gd14%, Cos30, and Fe,05; were
analyzed using High Resolution Transmission
Electron Microscopy (HR-TEM), Figures 4 and 5. The
structure of the individual particles could be clearly
resolved, suggesting that they consisted of single
crystalline  domains. The  Ce0,:Gd5% and
Ce0,:Gd14% were all estimated to be 3-5nm in
diameter, in agreement with earlier published data
(Eriksson et al. 2018). The size of Co3;0, and Fe,05
were measured to be in the range of 10-40nm and
10-50nm, respectively, based on the TEM
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micrographs below. Both estimates were consistent
with the manufacturers information.

Identification of nanoparticle-binding proteins

Co30,, Fe,03, Ce0,:Gd5%, Ce0,:Gd14% and a con-
trol without MONPs were incubated for 1 hour with
human plasma. NP-binding proteins were separated
by 2DGE, Figure 6. Dominating spots on gels were
excised and a total of 23 proteins were identified
through MALDI-TOF MS, Table 2, with 19, 13, 14
and 17 proteins identified in Co304 Fe,03,
Ce0,:Gd5% and Ce0,:Gd14% respectively. Identities
of 21 proteins were confirmed using nLC-MS/MS.

In vitro immunological effects

Monocytes are key players as antigen-presenters
and initiate the molecular events leading to gener-
ation of acquired immunity. Possible direct cyto-
toxic effects of MONPs on these cells may
contribute to immunosuppression, while stimulatory
effects enhance immune activation. Primary human
monocytes in PBMC-cultures were assessed for via-
bility following exposure to the MONPPC. Cytokine
release was measured to study potentially immu-
nostimulatory effects by the MONPPC on the cells.
Prior to cell exposure, all MONP dispersions, without
plasma proteins, tested negative for the presence of
endotoxins (Figure S1). The effects of a 24-hour
exposure to MONPPC on the viability of monocytes,
assessed by flow cytometric analysis of SYTOX™
Blue-labeled cells, are given in Table 3. Exposure to
the highest (1 ug/mL) concentration of CeO,:Gd5%
and CeO,:Gd14% showed a slight increase in cyto-
toxic effect, at least by a factor of 1.5, while remain-
ing test concentrations and particles showed values
comparable to background controls. Potential
adherence/uptake of the particles by monocytes
was tested by measuring a possible increase in
flow-cytometric side-scatter (SSC) since this value is
enhanced when cells show a higher degree of
granularity (Ilbuki and Toyooka 2012). Cell-cultures
treated with MONPPC generally showed increased
SSC-values as compared to background controls in
all donors. The most pronounced effect was
observed with Ce0,:Gd5% and CeO,:Gd14% in all
donors, and a dose-response relationship was also
indicated, Figure 7. Analysis of monocyte viability
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Ce0x:Gd5%

Ce0x:Gd14%

Figure 4. TEM image of Ce0,:Gd5% and Ce0,:Gd14%.
Particles are <5nm, examples of isolated particles where lat-
tice is clearly visible are marked by circles and magnified 3x
in insert.

following 72 hours of MONPPC exposure was not
possible due to monocyte adherence to the culture
plate. Cytokine release following 24- and 72-hour
exposure are shown as fold change in Figure 8, and
as absolute values in Table 4. The most pronounced
cytokine response was detected at 72-hour expos-
ure to 1 pg/mL Coz0,4 particles, which resulted in
an increase of pro-inflammatory cytokines: IL-1§, IL-
6, IL-8 and TNF-a increased approximately 25-fold,
66-fold, 9-fold, and 6-fold, respectively. Cytokines
connected to anti-inflammatory processes (IL-10),
monocyte differentiation (GM-CSF) and lymphocyte
proliferation (IL-2) were all below the detec-
tion limit.

Figure 5. TEM images of Co30, and Fe,0s;. The Cos0, par-
ticles are of round or oblong shapes in the range of 10-40 nm.
Insert shows example of isolated Co;04 nanoparticle with vis-
ible lattice planes. The Fe,O3 particles are in the range of 10-
50 nm. Lattice is clearly visible in the lower right particle and
magnified 1.5x in insert.

Predicted MHC class Il epitopes and potential
immunogenicity

Ten proteins that were clearly visible on 2DGE and
identified by MALDI-TOF MS were selected for in sil-
ico MHC class |l epitope screening. Immunogenicity
scores were calculated and stretches with high
immunogenicity scores, so-called hotspots, were
identified. Figure 9 shows an example of an
immunogenicity plot for one of the studied pro-
teins. Table 5 summarizes results obtained with all
screened proteins. All proteins except transthyretin,
which is also the smallest protein, contained at least
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Figure 6. Identified nanoparticle-binding proteins. A final concentration of 2 mg/mL of Cos0,4, Fe,05, Ce0,:Gd5% and CeO,:Gd14%
nanoparticles were incubated with 10% plasma for 1 hour prior to analysis of nanoparticle-binding proteins by two-dimensional
gel electrophoresis. A plasma incubation without nanoparticles was used as control. Gels were silver stained and dominating pro-

tein spots identified using MALDI-TOF MS as seen in Table 2.

one hotspot with immunogenicity score >75. The
largest protein, complement C3, showed 14 hot-
spots >75, whereas alpha-1-antitrypsin showed the
highest average score/peptide (28.27). These results
indicate potential presence of T-cell epitopes on all
the 10 tested proteins.

HLA-DRB1*1101 showed potential presentation
of all 27 high-risk peptide clusters found while
*0101 only indicated presentation of in total eight
of these clusters. Thus, individuals carrying the
*0101 profile might show a higher degree of toler-
ance, while *1101 bearers would theoretically be
more at risk for producing autoantibodies against
any of the tested proteins. An overview of high-risk

cluster binding to specific HLA-types is shown in
Table 6.

Discussion
Intentional and unintentional particle exposure

The range of different types of MONPs present
in our environment, produced intentionally or
unintentionally, is practically  innumerable.
Unintentionally produced MONPs formed in occupa-
tional settings, such as welding or additive manu-
facturing, are a major health concern due to the
unknown effects of high and/or long-term expos-
ure. Here, exposure routes are mainly inhalation,
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ingestion or skin contact followed by further distri-
bution via the blood stream. Such metal exposures
can be confirmed by metal analyses of urine but
still very little is known regarding the relationship

Table 3. Cytotoxicity of test compounds on monocytes in
PBMC-cultures. Flow-cytometric results showing percent dou-
ble-positive  (SYTOX™  Blue+/CD14+) cells after 24-
hour incubation.

Percent dead monocytes, CD14+ (mean + SD)

Sample Donor 1 Donor 2 Donor 3
Background cultures:
Control incomplete medium 28+53 9+1.8 6+0.2
Control -"- + 10% plasma 32+47 5+0.8 6+0.1
PControl -"- + 10% plasma + H,0 25+06 8+1.2 7+£0.9
MONPPC-exposed cultures: pg/mL
bCeO,(GdS% 1.0 38+43 16x13 1411
0.1 27+1.8 8104 8+1.0
0.01 23+0.2 7+0.7 6+0.8
PCe0,Gd14% 1.0 28+1.1  16£13 14%3.0
0.1 23+£19 8+04 8+0.6
0.01 24+£19 7+0.7 9+24
%Co304 1.0 24+0.2 8+13 8+0.1
0.1 26+£0.4 7+24 8+0.2
0.01 22+1.1 5+0.1 8+3.0
Fe,03 1.0 24+0.0 8+0.5 9+0.1
0.1 24+0.8 7+03 10£0.1
0.01 24+23 9+13 4+£5

Numbers in bold indicate an increase by a factor of at least 1.5 as com-
pared to background.

(a) Monocyte particle interactions, Donor 1
No. of collected CD14+ events: 1463+/-286
120000

NANOTOXICOLOGY

between biological levels of metals and adverse
health effects. In contrast, intentionally synthesized
MONPs with capping and functionalization strat-
egies for biomedical imaging (Ahrén et al. 2012; Hu
et al. 2013) are aimed to be used at low concentra-
tions for a limited time in the blood stream.
Moreover, synthesized MONPs are systematically
investigated by preclinical and clinical tests before
market introduction. However, improved knowledge
on the biological responses of such MONPs is still
needed. The aim here was to improve the possibil-
ity to predict exposure-related health effects of
MONPs through interdisciplinary collaboration by
combining workflows from the pharmaceutical
industry, nanomaterial sciences, and occupa-
tional medicine.

The importance of particle characterization under
biological relevant conditions

The health concern is that MONPs may have an
inherent ability to aggregate in biologically relevant
buffers/fluids, which has been highlighted in a
recent review by Falahati et al. (2019). Hence, there

(b) Monocyte particle interactions, Donor 2
No. of collected CD14+ events: 562+/-83
120000
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Figure 7. Flow-cytometry results showing changes in mean side-scatter (SSC) values for monocytes (CD14+ events) as a result of
exposure to the different test materials. An increase in mean SSC, as compared to control, indicate interaction of particles (adhe-

sion/phagocytosis) with the monocytes.
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is a need for improved understanding regarding
particle behavior before downstream analyses of
particle interacting proteins can be performed, and
before physiological effects can be elucidated. In
the present pilot study, MONPs were characterized
through DLS in both H,O and RPMI1640 as well as
through HR-TEM before downstream proteomics
and monocyte interaction studies.

In agreement with previously published data by
Eriksson et al. (2018), the hydrodynamic diameter of
the Ce0,:Gd5% and CeO,:Gd14% were below 10 nm
in H,O, whereas reduced dispersibility of Co30,4 and
Fe,0s in H,0 indicated a process of agglomeration/
aggregation. This was shown by the DLS results.
Fe,03; showed two size populations above 100 nm
(213nm and 890nm), and Cos0, showed one size
population (105 nm). Thus, the hydrodynamic diam-
eters of Fe,O; and Co;0, in H,O exceeded those
specified by the manufacturer (<50 nm). This occur-
rence has been reported in earlier characterization
studies as well (Lundqvist et al. 2008; Adams et al.
2006) that concluded that it is necessary to perform
your own particle characterization. We did HR-TEM
studies to obtain in depth knowledge of the start-
ing materials. HR-TEM allows us to verify the size
and crystallinity of the individual particles. The HR-
TEM imaging showed that the larger than expected
sizes obtained using DLS were due to aggregation.

All particles formed aggregates in RPMI1640.
However, Fe,0O; and Cos0, did not aggregate to
the same extent as CeO,:Gd5% and CeO,:Gd14%,
whose hydrodynamic diameters increased 100-fold
in RPMI1640 as compared to H,0. This behavior is
correlated to the fact that the surfaces of
Ce0,:Gd5% and CeO,:Gd14% were stabilized with
acetate and not an organic shielding, such as dex-
tran or poly-ethylene glycol, which are known to
prevent aggregation. Toxicity studies of CeO,:Gd
with dextran capping is under way (Eriksson et al.
2021). However, in this study, the intentions were
not to hide the nanomaterial using organic coat-
ings. Rather, the aim was to investigate the cellular
response as a function of choice of elemental com-
position of the NPs. Several studies have revealed
that some nanomaterials, but not all, aggregate in
biologically relevant media (Cappellini et al. 2018;
Murdock et al. 2008; Ortega et al., 2014). Not sur-
prisingly, different media renders different aggrega-
tion states and size distributions. Clearly, particle

characterization must be carried out in the medium
intended for downstream analysis for comparability
between measurements as well as correct conclu-
sions regarding health effects. If there are no suit-
able solutions available for such analyses, then new
particle  characterization methods need to
be developed.

A study by Ortega et al. (2014) suggested that
the presence of proteins in the medium (which
leads to formation of a protein corona) reduces risk
of agglomeration. Indeed, a review by Barbero et al.
(2017) pointed out how corona formation increased
thermodynamic stability through an electro-steric
effect that stabilizes the NPs. However, Zhang et al.
(2018) found that proteins could either mitigate or
induce agglomeration of different NPs. Hence, par-
ticle characterization studies should include proteins
as well. In the present study, characterization of cor-
ona-covered MONPs was not possible due to the
presence of aggregates. In DLS measurements, the
scattered light intensity is proportional to the sixth
power of the particle radius. Therefore, formation of
aggregates drenches out the scattered light of
smaller particles and when agglomerates occur,
exact size determination becomes difficult because
of low peak resolution.

The ratio MONP to plasma used in this toxicity study
is chosen in line with previously published work (Deng
et al. 2009). When trying to optimize these protocols,
we found that when particle concentrations were
reduced, protein identification was not possible due to
low abundance, and when increasing the added plasma
volumes protein aggregation occurred in the particle-
free control after centrifugation. Therefore, when com-
paring the mass of MONP (2mg/mL) to the mass of
plasma proteins in use (600 pg/mL), there is a factor of
3.3 in advantage to NPs. One should keep in mind that
the density is higher for the particles compared to pro-
teins by a factor of 4-5. The particle to protein ratio
used here, may not reflect the authentic case in vivo;
however, it is powerful when investigating protein inter-
action with NP surfaces. Excess of nanomaterial will help
to screen and obtain the protein adsorption pattern cor-
related to the choice of NP. However, the chosen work-
plan with such dominating fractions of nanomaterial is
pushing the limit on dispersibility of MONPs in both
H,O and RPMI1640. It has to be noted that what further
impacts the possibility to predict whether the current
number of proteins will form a complete corona that
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Figure 8. Fold change in proinflammatory cytokines. PBMCs isolated from whole blood were incubated 24 or 72 hours with four
different protein-covered nanoparticles (Fe,03;, Co304 Ce0,:Gd5%, and Ce0,:Gd14%) at three different concentrations (1.0, 0.1,
and 0.01 pg/mL). The supernatants were collected and cytokines measured using a multiplex bead-based assay. The graphs above
illustrate the fold-change of IL-1B, IL-6, IL-8, and TNF-a with respect to controls. Intra assay coefficient of variation (CV) had a
range of 0-19 % with a mean+SD of 4+£2.7. A two-fold change (red line) or above was considered significant. Co30,-exposure
resulted in profound fold-changes for all four cytokines following 72-hour incubation.

Table 4. Cytokine release in supernatants from PBMCs following 24- and 72-hour exposure to four different protein-covered
nanoparticles (Fe,03, Co30,4 Ce0,:Gd5%, and CeO,:Gd14%) at three different concentrations (1.0, 0.1, and 0.01 ug/mL). Values

are mean +SD.

IL1B IL-6 TNF-o
(pg/mL) (pg/mL) (pg/mL) (pg/mL)

Sample 24h 72h 24h 72h 24h 72h 24h 72h

Control 4+ 10% plasma+H,0  043+0.01  1.02+£002  053+0.10  0.36+0.00 767 +23.7 620+219  249+227  20.1+0.00

Ce0,:Gd5% 3364006  099+002 273+0.14  0.74+0.04 935+35.3 664+163  438+121  203+0.27
1.0

Ce0,:Gd5% 1254006  221+004  069+008  0.55+0.02 776 +8.46 764+7.87  293+058  345+1.19
0.1

Ce0,:Gd5% 2314000 096+002  0.85+0.12  047+006  1020+10.9 612+185  364+120  21.5+055
0.01

Ce0,:Gd14% 1784005  179+006  093+002  053+0.03 779+10.4 690+6.69  264+058  22.0+2.22
1.0

Ce0,:Gd14% 0.80+0.01  287+009  041+003  3.77+0.00 7154679  1120£21.3  223+083  36.8+1.80
0.1

Ce0,:Gd14% 1074000  094+003  074+004  050+0.02 740 +14.6 673+828  235+1.12  19.6+1.63
0.01

Control + 10% plasma 0444003  066+002  053+0.03  0.50+0.02 731+30.2 557+159  21.0+0.00  21.5+055

C030,4 087+0.10  166+024  064+004  328+0.82 918 +175 5220+£752  32.6+5091 127 £6.17
1.0

C050,4 1224005  977+0.11  069+000  894+0.18 703+4.01  2260+729  220+000  852+124
0.1

C030,4 0.84+003  081+0.03  058+007  041+0.03 685 +68.3 2994107  223+139  13.8%0.25
0.01

Fe,03 0324001 0534001  055+005  0.53+0.03 629 +0.50 581+6.22  17.1+0.00  18.1£2.13
1.0

Fe,03 1024002  1.06+0.04  064+004  053+0.03 727 +4.72 623+11.1 2134028  225+0.56
0.1

Fe,03 0774006  0.86+005 047+000  0.64+0.04 7734311 700+214  227+084  273+173

0.01
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Figure 9. Immunogenicity score plot. The query protein sequence was divided into 15-mer peptides corresponding to a potential
9-mer core and three flanking residues on each side. Binding properties of every peptide was then predicted for eight alleles,
each representing a supertype of the Caucasian Western European population, and the peptide immunogenicity score was calcu-
lated. This score ranges from 0 to 100, were 100 means that the peptide binds all tested alleles. Stretches along the protein
sequence with an immunogenicity score above 50 or 75 (orange and red line respectively) are defined as hotspots.

Table 5. Immunogenicity of endogenous nanoparticle-binding proteins.

Uniprot Accession Hotspots Hotspots Total Average Immunogenicity
Number Protein Name >50 (#) >75 (#) Peptides (#) Score score/peptide
P01009 Alpha-1-antitrypsin 10 3 390 11025 28.27
P02743 Serum amyloid P-component 5 1 190 5050 26.58
P01024 Complement C3 28 14 1627 42613 26.19
P00738 Haptoglobin 8 1 374 8125 21.72
P02790 Hemopexin 7 3 425 8738 20.56
P02787 Serotransferrin 8 2 665 12813 19.27
P02675 Fibrinogen beta chain 5 1 447 8300 18.57
P02765 Alpha-2-HS-glycoprotein 2 1 335 5513 16.46
P02766 Transthyretin 1 0 113 1775 15.71
P02647 Apolipoprotein A-l 2 1 235 3450 14.68

This table shows the number of hotspots with an immunogenicity score above 50 and 75 along the protein sequence, total number of peptides and
their summarized immunogenicity score. Furthermore, the average immunogenicity score/peptide is shown. This value ranges from 0 to 100, where 100
implies that a peptide binds all eight tested HLA-alleles and would mean induction of an adaptive immune response in a considerable part of

the population.

covers the particles or not is the fact that the particles
here are aggregated, which means that the surface area
is significantly lower compared to the particles in free
form. Due to the above-mentioned uncertainties, we
have in this work chosen not to use the term protein
corona but instead metal oxide nanoparticle-protein
complexes (MONPPC).

Since all MONPs used in the current study
aggregated in the RPMI1640 medium, it should
be considered whether particle aggregation could
be expected in vivo or whether it is merely
experimentally conditioned. A review by Buzea,
Pacheco, and Robbie (2007) stated that NP
agglomerates larger than 100-200 nm in diameter
had reduced toxicity compared to their smaller
non-agglomerated forms. For studies aiming at
mimicking the biological situation, it is therefore

necessary to determine whether the particles
aggregate in different biological fluids such as
pulmonary fluids and blood (and at biologically
relevant concentrations) or not, as well as to
know how the experimental setup may influence
particle behavior, protein interaction and subse-
quent biological responses.

Studying the nanoparticle-binding proteins

MONPs were incubated 1hour with proteins to
allow formation of a high affinity corona. Proteins
identified after isolation and washing, are propos-
edly those who remain on the MONP surface and
share its biological fate (Lundqvist et al. 2008).
Isolation of NP-protein complexes by centrifuga-
tion is by far the most common approach. It is fast,



Table 6. Binding of identified peptide high-risk clusters to respectively HLA-DRB1 receptor coded by the given alleles.

DRB1*03:01  DRB1*04:01 DRB1*07:01  DRB1*08:01  DRB1*11:01 DRB1*13:01 DRB1*15:01

DRB1*01:01

Protein Name Clusters per protein #

Uniprot Accession Number

— O N~ — — — O
-

M e MmN — MmN — — — O
— [}

< ~
M= ——mMmN———

M e—mMN— MmMAN — — — \O
— o~

MO A —MANOOO®
—

Me—Mc—— N — — — <
— o~

N—<— MAN— — — O
— o

NOINO—OOOO®

B
=
S
]
Q
o
v
1]
g
M= < — N AN~
- ]
o
wv
4]
]
]
wv
3
(w]
-
c
9]
5
2 5
£ £ 2
o c O
c v SQ_—
‘G a Y o«
Q- m © O
>T8 U cg>c
£ £
E2egc _Eo2
c I E@cno
mEonmq_.I
' © —CDCm'Q'
- I > ~N ©
1 = Q©® o'l o
2Eggggces
S 2 E o= ]
2o5ocmcogL2a
CNVWUITTITwnir<<<
QM OON NN
STANMSAON O
SRNONRKNNONWO
—cN—oANNNNN
cocoodocooooo
Sadaadaacaaca

Total number of clusters with score > = 75 for each protein are shown followed by distribution on the receptors *01:01, *03:01, *04:01, *07:01, *08:01, *11:01, *13:01, and *15:01.
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simple and can be applied to all types of material
as compared to approaches such as magnetic sep-
aration. Pisani et al. (2017) showed that different
separation methods alter the relative abundancy of
different corona proteins, but the composition can
be determined by either method.

2DGE followed by MALDI-TOF-MS was used to
determine protein corona composition and protein
identities were further verified by nLC-MS/MS, Table
2. Interestingly, all four MONPs had similar protein
patterns on the 2DGE gels, Figure 6. The protein
composition differed between the MONPs when
identified by MALDI-TOF-MS but not when verified
with the more sensitive nLC-MS/MS method. This
suggests different levels of protein binding (abun-
dance) but not composition. Exceptions were alpha-
2-antiplasmin, not found on Co30, and immuno-
globulin gamma-1 heavy chain, only found on
Ce0,:Gd5%. Two proteins identified by MALDI-TOF-
MS, immunoglobulin gamma-1 heavy chain and
immunoglobulin kappa constant were unverified by
nLC-MS/MS. The discrepancies between the two
methods may be explained by methodological dif-
ferences. For example, the selected parent peptide
that is sequenced in nLC-MS/MS must be unique
for the identified protein and hydrophobicity and
abundance may affect which proteins that can be
identified by 2DGE and MALDI-TOF-MS. Therefore,
these two approaches should be seen as comple-
ments to each other.

The human plasma proteome consists of thou-
sands of proteins (Schwenk et al. 2017).
Nevertheless, the four studied protein coronas con-
sist of the same 23 proteins. The presence of albu-
min, immunoglobulins, fibrinogen, and
apolipoproteins is expected due to their high abun-
dance in plasma and these proteins have often
been found in previous protein corona studies as
well (Aggarwal et al. 2009; Cedervall et al. 2007;
Deng et al. 2009, Lundqvist et al. 2017). Moreover,
inorganic NPs, such as MONPs, are known to attract
adaptor and carrier proteins (Karmali and Simberg
2011). Examples of such proteins are transferrin,
haptoglobin and alpha-2-HS-glycoprotein, all identi-
fied in our study.

Perhaps the similar MONP protein-binding pro-
files in the present study are because the studied
MONPs display similar physical properties. Co,05
and Fe,0; are redox-active magnetic metals and
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the Ce0,:Gd5%- and CeO,:Gd14%- particles com-
bine the redox-active properties of CeO, NPs and
magnetic properties of Gd. Indeed, Deng et al.
(2009) observed similar coronas when comparing
TiO, and SiO,, which have similar physiochemical
properties, but a different corona on polymer-
coated ZnO NPs. In addition, capping has been
shown to drastically change cell response, solubility,
and stability. In line, CeO,:Gd NPs have recently
been functionalized with dextran by our group, and
we have shown that the response is strongly
coupled to the capping/coating of the MONPs. The
response was highly coupled to Zeta potential and
chemical structure at the MONPs surface (Eriksson
et al. 2021).

However, the formation of aggregates, as dis-
cussed above, may also be the reason for the simi-
lar protein binding profiles. To understand
underlying mechanisms for different protein bind-
ing patterns, it is important to be able to character-
ize MONPs with and without proteins and their
behavior in fluids relevant for the physiological
environment of the expected exposure.

Monocyte interaction with MONPPC

MONPs may enter the circulatory system either by
inhalation (Guttenberg et al. 2016), such as during
occupational exposure, or by being administered
intravenously, such as MONPs engineered for med-
ical purposes. Monocytes are phagocytosing, anti-
gen-presenting cells in the blood and key players in
antigen-specific ~ immune  responses.  Adverse
immune reactions following MONP exposure may
thus be dictated by monocyte interaction with and
uptake of MONPs.

Even though all particles in the current study
aggregated in RPMI1640 and had similar corona
patterns, different monocyte responses were
observed upon exposure to these MONPPC, sug-
gesting that the crude material itself plays a role in
toxicity. For example, Table 3 shows that
Ce0,:Gd5% and Ce0,:Gd14% decreased monocyte
viability at the highest tested concentration (1 pg/
mL), whereas Fe,O; and Cos0, did not. To our
knowledge, monocyte interaction with CeO,:Gd-NPs
has not previously been tested but cerium oxide
NPs have been found to decrease viability at a simi-
lar concentration range (Hussain et al. 2012; Li et al.

2018), which is supporting our findings. However,
others have found that concentrations of 200 pg/
mL cerium oxide NPs did not affect monocyte pro-
liferation (Lord et al. 2012; Ting et al. 2013),
although the particles used in those studies were
coated with APTES and heparin respectively.
Additional studies are needed to clarify the relation-
ship between MONP aggregation and mono-
cyte responses.

Interestingly, Cosz0, exposure increased pro-
inflammatory cytokines, Figure 8, which is in line
with findings from previous studies using cobalt
oxide NPs and primary immune or endothelial cells
(Alinovi et al. 2015; Chattopadhyay et al. 2015). In
addition, MONP preparations often contain endo-
toxins (ETX), pro-inflammatory bacterial cell wall
components (Boraschi et al. 2017). Since ETX would
affect the investigated monocyte response, the ETX
content of all particle dispersions used should be
determined prior to cell exposures. All MONP dis-
persions in the present study were tested free of
endotoxins and the detected monocyte responses
can thereby be ascribed to the investigated
MONPPC without endotoxin interference. There was
no correlation between cytotoxicity and cytokine
responses. The slight increase in toxicity observed
with Ce0,Gd5%- and 14%-particles was not
reflected by any cytokine-response and Cos;04-par-
ticles showed no cytotoxicity in vitro despite an
observed cytokine response. These findings are in
line with recent studies showing induction of IL-8
by cobalt via TLR-4 interaction (Anjum et al. 2018),
while cerium did not augment pro-inflammatory
cytokine responses (Hussain et al. 2012).

The binding of opsonizing proteins, such as com-
plement C3, complement factor B and immunoglo-
bulins, Table 2, suggests that the adhered proteins
facilitate monocyte uptake of MONPPC. Indeed,
binding of complement C3 to silica NPs has been
found to trigger the classical pathway of the com-
plement system and consequently increase cellular
uptake by phagocytosis (Tavano et al. 2018).
Moreover, fibrinogen has been suggested to pro-
mote monocyte attachment to foreign substances
(Shen and Horbett 2001), and Vogt et al. (2015)
demonstrated increased monocyte uptake of super-
paramagnetic iron oxide NPs with fibrinogen-
enriched coronas. The results in this study indicate
particle-adherence or uptake by monocytes for all



MONPPCs tested since flow-cytometric analyses
revealed an increase in SSC upon a 24-hour incuba-
tion period for all materials.

Predicted MHC class Il epitopes on endogenous
Nanoparticle-Binding proteins

When innate immune responses fail to clear foreign
substances, the adaptive immune system may be
activated. This can be achieved through antigen
processing and subsequent presentation to CD4+ T
lymphocytes through MHC class Il complexes on
professional phagocytes, such as monocytes. When
co-stimulated with inflammatory cytokines, so-called
‘danger signals’, the T lymphocytes, and thus the
adaptive immune system, is activated (Gallucci and
Matzinger 2001).

If the MONPPC are phagocytosed and processed
by monocytes, then endogenous proteins bound to
the MONP surface could be presented through
MHC class Il to CD4+ T lymphocytes as antigens
resulting in an adaptive immune response toward
endogenous proteins. Herein, for the first time, NP-
binding proteins have been characterized for their
immunogenic properties using current in silico tools
normally applied on biopharmaceuticals in the
drug-development process used by the pharma-
ceutical industry.

Under normal conditions, immunologic tolerance
toward autologous proteins is established to avoid
autoimmunity. However, when an endogenous pro-
tein becomes part of a NP-protein complex struc-
tural changes may occur (Laera et al. 2011). These
conformational alterations could potentially contrib-
ute to a higher risk for the protein being perceived
as nonself. These endogenous proteins may also
undergo ‘forced phagocytosis, by being phagocy-
tosed as part of NP-protein complexes.’ If cytokine
responses are induced simultaneously, a third factor
for creating an antigen-specific response will be
present. Taken together, these suggested mecha-
nisms may very well contribute to affected toler-
ance by inducing immune responses to autologous
structures derived from particle-borne proteins,
resulting in autoimmunity.

The observed immunogenic properties of the
screened proteins in specific HLA-types could
induce autoimmune-like conditions in certain indi-
viduals. Endogenous proteins are normally not
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processed by antigen-presenting cells, such as
monocytes. If these proteins are, by conjugation to
MONPs, carried into the phagocytosis-antigen pre-
senting pathway they will be regarded as “foreign”
by the immune system. In fact, Grunewald et al.
(2016) has suggested this same mechanism behind
vimentin as an autoantigen in patients with lung
sarcoidosis. This is based on the finding of vimen-
tin-MHC-class-ll-binding and a strong association
between MHC class Il and T-cell receptors. Our in
silico screening showed that alpha-1-antitrypsin
(AAT) had higher immunogenicity score than the
other tested corona proteins. This is especially inter-
esting, since AAT regulates several proteases and
immune processes (Kalfopoulos 2017). Moreover,
AAT deficiency is related to inflammation and tissue
damage in several chronic pulmonary disorders,
including asthma and bronchiectasis (Gramegna et
al. 2018). Even though AAT deficiency is a known
hereditary disorder, it raises the question whether
these diseases can be induced by particle exposure
leading to acquired autoimmunity. For biotherapeu-
tics, it has been shown that aggregates can have a
great influence on the uptake and processing by
dendritic cells, as well as the subsequent T-cell acti-
vation (Rombach-Riegraf et al. 2014). In theory, this
means that an existing tolerance to a protein could
be lost due to changes in antigen processing and
presentation caused by NP-protein interaction. This
forced antigen-presenting hypothesis requires fur-
ther evidence by the demonstration of the presence
of endogenous protein-specific antibody responses
in exposed individuals.

Limitations

There are possible limitations in the current study
that must be acknowledged. The NP-plasma protein
incubation step by Deng et al. (2009) is highly cited
and thereby a precursor to many follow-up studies,
but in the particle/protein pellet washing step, as
described in the method section, we have chosen
to use a wash solution that we have long experi-
ence of using prior to 2DGE. It would have been
possible to use a different wash solution if we
would have identified the proteins using only the
less salt-sensitive nLC-MS/MS. However, since we
know that both analysis methods have their
strengths and drawbacks, we wanted to use both
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methods as well as identical samples. We do not
believe that this washing step may lead to an
altered protein corona though we did not find pre-
vious reports on interacting human plasma proteins
with these particles and are thus unable to com-
pletely rule out the possibility. We are also aware
that the protein to particle ratio in the study is the
opposite of the in vivo situation, but we decided for
this approach because we wanted to be as sure as
possible that the proteins of relevance for in silico
MHC Class-Il epitope screening were interacting
with the particles. Protein identities may therefore
differ from approaches with different protein to par-
ticle ratios. The identified problem with particle
aggregation in biological buffers is not a novel find-
ing. However, it is a limitation that it was not pos-
sible to characterize the particle aggregates in
solution with or without proteins using DLS. This is
a challenge for future research.

Conclusion

There is an urgent need of biologically relevant in
vitro assessments of MONP toxicity. This requires
development of both systematic particle character-
ization, that is, detailed studies of the starting
material and thorough investigations of the MONPs
in solvents and solutions, and biologically relevant
buffers compatible with particle characterization,
downstream in  vitro analyses, and the
MONPs themselves.

Possible  immune-stimulating  properties  of
MONPPC are of interest to verify any inducing or
potentiating effects of MONPPC on autoimmune
disease. For the first time, NP-binding proteins have
been characterized for their immunogenic proper-
ties. The present study indicates that especially
Co30,4 NPs induce ‘danger signals’, verified by pro-
duction of inflammatory cytokines, and simultan-
eously bind autologous proteins, which can be
presented as immunogenic epitopes by MHC class
Il. The clinical relevance of these findings should be
further evaluated to investigate the role of MONPs
in the development autoimmune disease.
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