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Abstract: Co-stimulation of the immune system to more than one agent concomitantly is very
common in real life, and considering the increasing use of engineered nanoparticles and nanoma-
terials, it is highly relevant to assess the ability of these materials to modulate key innate immune
responses, which has not yet been studied in detail. We investigated the immunomodulatory
effects of 10 nm and 30 nm iron oxide nanoparticles (IONPs) on primary human monocytes in
the presence and absence of Toll-like receptor 4 agonist lipopolysaccharide (LPS). Prior to the
cell studies, we characterized the physicochemical properties of the nanoparticles in cell culture
medium and ensured that the nanoparticles were free from biological contamination. Cellular
uptake of the IONPs in monocytes was assessed using transmission electron microscopy. Using
enzyme-linked immunosorbent assay, we found that the IONPs per se did not induce the produc-
tion of proinflammatory cytokines tumor necrosis factor-o., interleukin-6, and interleukin-1f.
However, the IONPs had the ability to suppress LPS-induced nuclear factor kappa B activation
and production of proinflammatory cytokines in primary human monocytes in an LPS and a
particle dose-dependent manner. Using confocal microscopy and fluorescently labeled LPS,
we showed that the effects correlated with impaired LPS internalization by monocytes in the
presence of IONPs, which could be partly explained by LPS adsorption onto the nanoparticle
surface. Additionally, the results from particle pretreatment experiments indicate that other cel-
lular mechanisms might also play a role in the observed effects, which warrants further studies
to elucidate the additional mechanisms underlying the capacity of IONPs to alter the reactivity
of monocytes to LPS and to mount an appropriate cellular response.

Keywords: iron oxide nanoparticles, primary human monocytes, PBMCs, cytokines, LPS
adsorption, Toll-like receptors

Introduction

Due to the unique physical and chemical properties compared to the bulk material,
nanomaterials are very attractive for a wide range of applications, including biomedical
applications.! Assessing the interactions of engineered nanomaterials with cells of the
immune system, especially the innate immune system, is an important part in nano-
toxicology, which has not received enough attention. The innate immune system plays
a vital role in the recognition and clearance of endogenous and exogenous danger and
damage. The sensing of pathogen-associated molecular patterns (PAMPs) is mediated
by pattern recognition receptors, of which the Toll-like receptors (TLRs) are the best
characterized.> Among others, these receptors are expressed on macrophages, which
constantly monitor the surroundings for danger signals. The activation of macrophage
TLRs by PAMPs elicits proinflammatory responses in these cells, which subsequently
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activates other immune and nonimmune cells, resulting in
tissue inflammation. The well-studied PAMP lipopolysaccha-
ride (LPS) is recognized by TLR4 and induces the activation
of two signaling pathways that result in the production of
proinflammatory cytokines such as tumor necrosis factor-o
(TNFo) and interleukin (IL)-1p via activation of the tran-
scription factor nuclear factor kappa B (NFkB) and interferon
B (IFNP) via activation of the transcription factor interferon
regulatory factor 3.

Immunological studies are particularly needed for nano-
materials that are intended to be used in biomedical appli-
cations, as these materials are often injected into the blood
stream and thus come in direct contact with various immune
cells.? Due to their magnetic properties, iron oxide nanopar-
ticles (IONPs) are widely used in biomedical applications,
such as contrast agents for magnetic resonance imaging,
in targeted drug delivery, and for induced hyperthermia
cancer treatment.* Despite the use of [ONPs in these applica-
tions, there are ongoing concerns regarding their potential
impact on human health and the immune system. Previous
studies illustrated that IONPs can induce reactive oxygen
species, mitochondrial damage, and autophagy in lung epi-
thelial cells® and may impair the cytoskeleton in growing
neurons.® In contrast, another study reported that IONPs had
no effects on cell viability.” These contradictory results are
likely to be due to the use of IONPs with various physico-
chemical properties, different cell types, and experimental
conditions such as cell number and serum concentration in
cell culture medium.?

Nanomaterials can interact with immune cells and either
stimulate or suppress immune responses.’!* Moreover, par-
ticle characteristics, such as size, shape, and surface proper-
ties, determine the immunotoxicity of these materials. For
example, Sahu et al'' showed that Zn oxide nanoparticles
had a higher potential to induce inflammatory cytokines
than microsized Zn oxide particles in human monocyte-like
THP-1 cells. Another study found that surface-modified
silica nanoparticles could suppress inflammatory responses
compared to unmodified silica nanoparticles.'?

However, detailed research on the immunomodulatory
properties of engineered nanoparticles is still lacking, espe-
cially concerning the exposure of the immune system to
more than one stimulus concomitantly, which is the rule in
real life. Co-stimulation of nanoparticles with PAMPs could
potentially alter the reactivity of immune cells to respond to
danger signals and alter the defensive response, which might
result in either inadequate capacity of eliminating dangerous
PAMPs or in an exaggerated reaction leading to shock or

chronic inflammation. Results from previous studies suggest
that individuals with preexisting inflammatory conditions are
more prone to adverse effects of engineered nanomaterials.
Studies by Inoue and Takano'? and Inoue et al'* demonstrated
that exposure to particulate air pollution and engineered nano-
particles can aggravate preexisting pulmonary inflammation
in mice. Similarly, it has been shown that carbon nanotubes
can promote allergic immune responses in mice.'* A study
by Laverny et al'® demonstrated that the LPS-induced TNFa,
IL-6, and IL-12 response was increased by multiwalled
carbon nanotubes in peripheral blood mononuclear cells
(PBMCs) from healthy donors. In contrast, there have also
been a few studies demonstrating a reduction in LPS-induced
cytokine production by engineered nanoparticles.'”"?

The aim of this study was to investigate the immuno-
modulatory effects of IONPs in the presence and absence
of the TLR4 agonist LPS in primary human monocytes and
the underlying mechanism(s) of action.

Materials and methods

Nanoparticle suspensions

The 10-nm- and 30-nm-sized IONPs (catalog numbers
SHP-10-10 and SXP-30-10, respectively) were purchased
from Ocean NanoTech, LLC (San Diego, CA, USA). These
particles are coated with organic layers consisting of a mono-
layer of oleic acid and a monolayer of amphiphilic polymer.
Their reactive group is carboxylic acid.

Characterization of IONPs

The size and shape of the 10 nm and 30 nm IONPs were
assessed by transmission electron microscopy (TEM) using a
JEOL TEM (JEOL, Tokyo, Japan) at 80 kV. Formvar coated
grids were placed on 50 UL drops of the IONP samples
(0.5 mg/mL) for 5 minutes. The grids were gently drained
with filter paper and subsequently inspected without further
treatment. The average hydrodynamic diameter, polydis-
persity index, and zeta potential of the IONPs in water (as
delivered) and cell culture medium (RPMI 1640 supple-
mented with 5% pooled human A+ serum) were determined
using dynamic light scattering (Malvern Zetasizer Nano-ZS;
Malvern Instruments, Malvern, UK) at 25°C, with a scatter-
ing angle of 173° and nanoparticles at final concentrations
of 100 pg/mL and 500 pug/mL. For the measurement of the
zeta potential, a suspension of IONPs (500 pug/mL) was
transferred into a 1 mL zeta potential cuvette (DTS1060;
Malvern Instruments), and the electrophoretic mobility of
the sample was measured at 25°C. The chemical composi-
tion of the inorganic core of the IONPs was determined
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using X-ray diffraction. Sample dispersions were sealed in
glass capillaries, and diffraction data were collected using
a Bruker D8 Advance A25 powder diffractometer, utilizing
Mo K-alpha radiation and running in focusing transmission
geometry. The phases present were identified via reference
to the ICCD PDF4+ crystal structure database.

Biological contamination

The Limulus Amebocyte Lysate (LAL) assay is frequently
used for the detection of endotoxin in biological samples.
However, the IONPs interfered with the QCL-1000 chro-
mogenic LAL assay (catalog number 50-647U; Lonza, Basel,
Switzerland). Thus, possible contamination with TLR2 and
TLR4 agonists was assessed with a luciferase reporter cell
assay. Briefly, human embryonic kidney (HEK293) cells
were maintained in RPMI 1640 medium (supplemented
with 10% fetal calf serum, 0.1% ciprofloxacin, and 2 mM
glutamine) at 37°C and 5% CO,. The cells were transfected
with a Firefly luciferase NFxB-reporter plasmid (ELAM-luc)
together with either vector only (TLR-), TLR24+/CD14, or
TLR44+/MD2+/CD14 plasmids and incubated for 24 hours
at 37°C and 5% CO,. The cells were cotransfected with a
pRL-null control reporter vector, which provides constitu-
tive expression of Renilla luciferase. Following transfection,
the cells were treated with IONPs (1 ug/mL, 10 ug/mL,
and 100 pg/mL) for further 24 hours. LPS (100 ng/mL;
ultrapure LPS from Escherichia coli Serotype 0111:B4;
InvivoGen, San Diego, CA, USA) and fibroblast-stimulating
lipopeptide 1 (100 ng/mL; EMC, Tiibingen, Germany) were
included as positive controls for the activation of TLR4 and
TLR2, respectively. After incubation, the cells were lysed
with passive lysis buffer (catalog number E1941; Promega
Corporation, Fitchburg, WI, USA). Luciferase substrate was
added, and the luminescence of the cell lysate was detected
using a plate reader (Victor® 1420 Multilabel Counter,
PerkinElmer™; PerkinElmer Inc., Waltham, MA, USA).

Isolation of primary human PBMCs and

mon ocyte S

PBMCs were isolated from Lymphoprep (Axis-Shield, Oslo,
Norway) separated fresh or day-old buffy coats (Blood Bank,
St Olav’s Hospital, Trondheim, Norway) and cultivated
in RPMI 1640 supplemented with 5% pooled human A+
serum. The cells were seeded at 4x10%mL in 24-well plates
(0.5 mL/well) and allowed to adhere for 90 minutes at 37°C
and 5% CO,. In order to remove nonadherent cells, the wells
were washed three times with prewarmed (37°C) Hank’s bal-
anced salt solution. The primary monocytes, which adhered

to the plastic of the well plate, were stimulated with IONPs
(1 ug/mL, 10 pg/mL, and 100 pg/mL) in RPMI 1640/5% A+
serum or in combination with LPS (0.5 ng/mL, 10 ng/mL,
50 ng/mL, 100 ng/mL, 500 ng/mL, and 1,000 ng/mL) for
6 hours. In another set of experiments, nonadherent PBMCs
and magnetic bead-purified (pan-monocyte isolation Kkit;
Miltenyi Biotec, Bergisch Gladbach, Germany) nonadherent
monocytes from buffy coats were stimulated with IONPs
and LPS. Furthermore, primary human monocytes were
cultured in RPMI 1640 medium containing different serum
concentrations (5%, 10%, and 20% A+ serum).

Additionally, pretreatment experiments were conducted.
Monocytes were pretreated with 10 nm IONPs (1 pg/mL,
10 pg/mL, and 100 ng/mL) for 3 hours, washed three times
with prewarmed (37°C) Hank’s solution, and were then
treated with LPS (0.5 ng/mL) for 6 hours.

Cell viability

The alamarBlue assay was used to assess the viability of
monocytes after treatment with IONPs alone or in combi-
nation with LPS (0.5 ng/mL). After 5 hours of stimulation,
alamarBlue reagent (catalog number DAL1100; Thermo
Fisher Scientific, Waltham, MA, USA) was added directly
to the wells of a 24-well plate. The cells were incubated for
further 12 hours. The color of the media surrounding viable
cells changes from nonfluorescent blue (resazurin) to highly
fluorescent red (resorufin) in this assay. Fluorescence was
measured at an excitation wavelength of 531 nm and emis-
sion of 590 nm using a plate reader (Victor® 1420 Multilabel
Counter, PerkinElmer™), and viability was calculated as %
viability compared to control medium.

Cytokine analysis

After 6 hours, the plates were centrifuged at 470x g for
10 minutes, and the supernatant was frozen at —20°C
until cytokine analysis. The levels of the proinflammatory
cytokines TNFa., IL-6, and IL-1f in the monocyte superna-
tants were detected using enzyme-linked immunosorbent
assay (ELISA) (R&D Systems, Inc., Minneapolis, MN,
USA [TNFa and IL-6] and BD Biosciences, San Jose, CA,
USA [IL-18D).

Cytokine adsorption onto the
nanoparticle surface

Cytokine adsorption experiments were performed according
to a previously described method.” Briefly, in a cell-free
system, IONPs at 1 pg/mL, 10 pg/mL, and 100 pg/mL
were incubated with twofold serial dilutions of either TNFo.
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(0-1,000 pg/mL), IL-6 (0-600 pg/mL), or IL-1B-standard
(0250 pg/mL) in 96-well plates for 6 hours at 37°C and 5%
CO,. These conditions were selected to mimic the exposure
scenario from the monocyte experiments. Following incuba-
tion, the plates were centrifuged at 470X g for 10 minutes, and
the supernatant was frozen at —20°C until cytokine analysis.

Transmission electron microscopy

Primary human monocytes were stimulated with 100 pg/mL
IONPs for 2 hours and fixed with 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2).
Postfixation was done in 2% osmium tetroxide. The cells
were dehydrated in a graded series of alcohol and embedded
in epoxy resin. Ultrathin sections (60 nm) were collected on
grids, stained with uranyl acetate (15 minutes) and lead citrate
(5 minutes), and observed by TEM using a JEOL JEM 1011
microscope operated at 80 keV. Image acquisition was done
with a Morada CCD camera.

Quantitative real-time polymerase chain

reaction

Total RNA (DNase treated) from primary human monocytes
was extracted using an RNeasy Mini kit (Qiagen NV, Venlo,
the Netherlands) and the QIAcube robotic work station
(Qiagen NV), following the manufacturer’s instruction.
Reverse transcription of RNA to complementary DNA was
performed using a high-capacity RNA-to-cDNA kit (Thermo
Fisher Scientific), and the concentration and purity of the
RNA were determined using NanoDrop (Thermo Fisher
Scientific). Perfecta qPCR FastMix™ (Quanta) and the fol-
lowing TagMan probes (Thermo Fisher Scientific) were used:
TNFo (Hs00174128_ml), IL-6 (Hs00985639_m1), IL-1B
(Hs01555410_m1), IFNB1 (Hs01077958_s1), and TBP (Hs
00427620_m1). Triplicate samples were run as singlets in
polymerase chain reaction, and all data were normalized to
TBP. Relative gene expression was calculated as fold induc-
tion over control, using the StepOne software Version 2.1
(Thermo Fisher Scientific).

Fluorescence microscopy

In order to evaluate if the IONPs reduce the uptake of LPS
in the cells, primary monocytes were incubated with IONPs
(1 ug/mL, 10 ug/mL, and 100 pg/mL) and 100 ng/mL
Alexa594-labeled LPS (E. coli Serotype O55:B5; Thermo
Fisher Scientific). Cell culture medium and LPS (100 ng/mL)
served as negative and positive controls, respectively.
Following stimulation, the exposure solution was removed,
and the cells were fixed with 4% paraformaldehyde for

10 minutes at room temperature. After a washing step, the
cells were incubated with an autofluorescence quenching
solution (NH,Cl) for further 10 minutes, before the DNA was
stained with DraQ5 (concentration 5 uM), a far-red DNA
staining (Cell Signaling Technology, Danvers, MA, USA).
The samples were analyzed semiquantitatively using a Leica
SP8 confocal laser microscope equipped with a 63x/1.4 oil-
immersion objective. All images were taken with the same
adjustments (ie, zoom factor and intensity range).

LPS adsorption to the nanoparticles

In order to investigate if LPS adsorbs onto the surface of
the IONPs, centrifugation experiments were performed.
Cell-free samples (1 mL) containing both nanoparticles
(1 wg/mL, 10 pg/mL, and 100 pg/mL) and LPS (0.5 ng/mL
and 100 ng/mL in two different setups) were incubated for
10 minutes at room temperature and subsequently centri-
fuged at 15,000x g for 2 hours (4°C). Cell culture medium
and LPS (0.5 ng/mL and 100 ng/mL) served as negative
and positive controls, respectively. UV—vis absorbance at
280 nm before and after centrifugation was measured to
verify that the samples were free of nanoparticles after the
centrifugation. Following centrifugation, the supernatants
(1 mL) were sampled. Additionally, the pellets containing the
nanoparticles and possibly bound LPS were resuspended in
1 mL cell culture medium to achieve a similar end concentra-
tion as in the original solutions. Both the supernatants and the
resuspended pellets were added to primary human monocytes.
Following 6 hours incubation, the plates with the cells were
centrifuged at 470x g for 10 minutes, and the supernatants
were frozen at —20°C until cytokine analysis. In order to
show the LPS adsorption to the IONPs more directly, cell-
free samples containing nanoparticles (100 pg/mL) and LPS
(100 ng/mL and 500 ng/mL in two different setups) were
centrifuged at 15,000x g for 2 hours (4°C). The fluores-
cence intensity of the resuspended pellets was compared to
a sample containing only nanoparticles (100 pug/mL). Images
of five different fields per sample were collected using the
Leica SP8 confocal microscope as described earlier.

Statistical analysis

Statistical analysis was done with GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA, USA). The data
were analyzed using one-way, repeated measures analysis
of variance and two-way analysis of variance with Dunnett’s
multiple comparison test, where appropriate. In order to
eliminate uncertainties concerning normal distribution of the
data due to a low sample number between three and nine,
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the data were log-transformed before analysis. Results were
considered statistically significant when P<<0.05.

Ethics

The use of human monocytes in our experiments was
approved by the Regional Committee for Medical and Health
Research Ethics in Central Norway (REC Central), The
Norwegian Ministry of Education and Research, 2009/2245.
Experiments were conducted according to their regulations
and guidelines.

Results
Physicochemical characterization of

the IONPs

A schematic of the IONPs is shown in Figure 1. The hydro-
dynamic size of the 10 nm and 30 nm particles in water was
slightly different from the particle core size obtained by
TEM, as these particles are coated with a polymer (Table 1).
In RPMI 1640 medium supplemented with 5% pooled A+
serum, the 10 nm and 30 nm nanoparticles formed stable,
nanometer-sized agglomerates (122 nm and 84 nm, respec-
tively). Using X-ray diffraction, the core of the 10 nm par-
ticles was determined to be Fe,O, and the core of the 30 nm
particles was Fe O, (Table 1). The zeta potential in water was
not markedly different between the two IONPs tested. Both
types of nanoparticles showed a high negative zeta potential
in water, indicating good particle stability. The zeta poten-
tial decreased in RPMI 1640 medium with 5% A+ serum,
indicating reduced particle stability (Table 1). The shape of
the IONPs was determined by TEM, demonstrating that the
10 nm and 30 nm nanoparticles were spherical (Figure 1).

Biological contamination
A TLR2-NFxB and TLR4-NF«B reporter cell assay was
used to test the IONPs for biological contamination. None

Iron oxide

Figure | Physicochemical properties of IONPs.

of the IONPs alone activated TLR2 or TLR4 in transfected
HEK293 cells, which indicates that the particles were not
contaminated with TLR2 or TLR4 agonists (Figure S1).

Primary human monocytes and PBMCs
Cellular uptake of IONPs

To evaluate cellular uptake of the IONPs, primary human
monocytes were studied by TEM (Figure 2). Both nanopar-
ticle types were taken up by the cells in membrane-bound
compartments, likely endosomes or lysosomes. However, it
seemed that a larger number of 10 nm particles were taken
up compared to the 30 nm particles (Figure 2).

Cytokine adsorption onto the nanoparticle surface
In order to correctly interpret the ELISA readouts for the
cytokine production that was used as a major end point
in this study, nanoparticle interference with the cytokine
measurements, that is, by adsorption of the cytokines onto
the particle surface, was determined. Our results show that
neither the 10 nm nor the 30 nm IONPs affected the analysis
of TNFo and IL-1B (Figure S2). However, in contrast to
the 30 nm IONPs, we observed that the 10 nm particles
(at 100 pug/mL) reduced the signal in the IL-6 ELISA,
possibly via adsorption of IL-6 (Figure S2). Thus, the IL-6
values for the highest particle concentration were corrected
as described by Herseth et al.”!

Stimulation of monocytes with IONPs in
the absence and presence of LPS

The stimulation of primary human monocytes with the 10 nm
and 30 nm IONPs alone did not result in increased TNFo
release from the cells (Figure 3A). Similar results were found
for IL-6 and IL-1B production (Figure 3A). Furthermore,
none of the IONPs alone significantly affected viability,
although a tendency for reduction in viability (15%) was

Notes: (A) Schematic drawing of the IONPs coated with a monolayer of oleic acid and a monolayer of amphiphilic polymer. The reactive group on the surface is carboxylic

acid. (B) TEM image of the 10 nm IONPs. (C) TEM image of the 30 nm IONPs.

Abbreviations: IONPs, iron oxide nanoparticles; TEM, transmission electron microscopy.
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Table | Physicochemical characterization of the iron oxide nanoparticles

IONPs Hydrodynamic diameter (nm) (PDI) Zeta potential (mV) Chemical
Water (as supplied) RPMI 1640/5% A+ serum®*  Water (as supplied) RPMI 1640/5% A+ serum composition

10 nm 21.240.1 (0.133) 128.7+0.8 (0.231) -53.3 -24.9 Fe,O,

30 nm 43.0£0.2 (0.088) 84+1.2 (0.199) —-48.0 -9.5 Fe,O,

Notes: Average values from six measurements * SD are shown. A+ serum: pooled human serum, blood type A+.

Abbreviations: IONPs, iron oxide nanoparticles; PDI, polydispersity index.

seen with the highest concentration of the 30 nm particles
(Figure 3B).

To further evaluate the immune regulation of the IONPs,
we co-stimulated the cells with nanoparticles and LPS
(Figure 4A). Co-stimulation of the monocytes with different
concentrations of 10 nm and 30 nm IONPs and LPS (0.5 ng/mL)
led to a significant inhibition of the TNFa, IL-10, and IL-6
response induced by LPS, with the 10 nm particles showing the
most potent effect. The LPS-induced cytokine production was
completely inhibited in the presence of IONPs at 10 pig/mL and
100 pg/mL. However, the viability was not significantly affected
by the cell treatment with nanoparticles and LPS (Figure 4B).

To further explore the observed effects, all additional
experiments were conducted using only the 10 nm IONPs

as they gave the most pronounced effect. The results from
additional control experiments showed that cellular adher-
ence to the plastic of the well plate had no influence on the
observed cytokine response, as nonadherent monocytes
(Figure S3A) showed the same cytokine response to stimula-
tion with 10 nm IONPs and LPS as the adherent monocytes
(Figure 4A). Additionally, similar results were seen with
PBMCs co-stimulated with IONPs and LPS (Figure S3B).
Thus, the cytokine response from the monocytes is neither
influenced by the presence of lymphocytes in these experi-
ments nor the monocyte adherence to a plastic surface.

As we cultured the monocytes in medium with low serum
concentration (5% A+ serum), we were interested to evaluate
if a higher serum concentration in the cell culture medium

Figure 2 Transmission electron microscopic analysis of IONPs-treated primary human monocytes.
Notes: The cells were treated with (A) 0 nm IONPs and (C) 30 nm IONPs for 2 hours, and particle uptake was evaluated. (B) 10 nm IONPs; magnification of the marked
area in (A). (D) 30 nm IONPs; magnification of the marked area in (C). Black arrow heads indicate the membrane-bound compartments containing the IONPs.

Abbreviation: IONPs, iron oxide nanoparticles.
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Figure 3 Cytokine response and viability in iron oxide-treated primary human monocytes.

Notes: The cells were treated with IONPs (I pg/mL, 10 pug/mL, and 100 pg/mL) in RPMI 1640/5% A+ serum for 6 hours. The cytokine concentration released into the
medium (A) was measured using ELISA, and the monocyte viability (B) was determined with the alamarBlue assay. Results are expressed as mean + SEM; n=3-7 for TNFa,
IL-6, and IL-1[3, and n=2 for viability.

Abbreviations: IONPs, iron oxide nanoparticles; ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the mean; TNFc, tumor necrosis factor o;
IL, interleukin.
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Figure 4 Cytokine response and viability in IONPs-treated primary human monocytes in the presence of TLR4 agonist LPS.

Notes: The cells were co-stimulated with IONPs (I pg/mL, 10 pug/mL, and 100 pg/mL) and LPS (0.5 ng/mL) for 6 hours. The cytokine concentration released into the medium
(A) was measured using ELISA, and the monocyte viability (B) was determined with the alamarBlue assay. Results are expressed as mean * SEM; n=7-9 for Fel0 cytokine

release, n=4-6 for Fe30 cytokine release, and n=2-3 for viability. *Statistical significance (P<<0.05) compared to LPS alone.

Abbreviations: IONPs, iron oxide nanoparticles; TLR, Toll-like receptor; LPS, lipopolysaccharide; ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the

mean; TNFo, tumor necrosis factor o, IL, interleukin.
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would affect the cytokine response from the monocytes
stimulated with IONPs and LPS. As shown in Figure S4,
monocytes in cell culture medium containing 10% and 20%
A+ serum did not show a different cytokine response than
cells cultured in medium with 5% A+ serum.

To further elucidate the effect of varying the
experimental conditions, we subsequently examined the
impact of the 10 nm IONPs together with LPS at different
concentrations (Figure 5). The particle-mediated suppres-
sion of the LPS-induced TNFo. response was dependent on
both particle and LPS concentrations, with little effect of
I pg/mL and 10 pg/mL IONPs for the highest LPS doses
(500-1,000 ng/mL), while a clear inhibition of LPS at high
doses was seen with 100 ug/mL IONPs.

mRNA expression of cytokines and
NFxB activation

We hypothesized that the reduced LPS-induced cytokine
response upon cell treatment with 10 nm IONPs might be
explained by blocking of TLR4 signaling, transcriptional,
or posttranscriptional events. Thus, we examined the
LPS-induced cytokine transcription by quantitative real-
time polymerase chain reaction. The LPS-induced TNFa
mRNA expression was significantly inhibited by high con-
centrations of IONPs (Figure 6), as were IL-6 and IL-15
expression levels (data not shown). Also, the induction

2,500 1
2,000
1,500 1

1,000 ~

TNFo (pg/mL)

500 -

0-

0 05 10 50 100 500 1,000
LPS concentration (ng/mL)

-# 0 pyg/mLFe10  -m 1 pg/mL Fe10
-= 10 yg/mL Fe10 -= 100 ug/mL Fe10

Figure 5 Cytokine response in IONPs-treated primary human monocytes in the
presence of LPS.

Notes: The cells were co-stimulated with 10 nm IONPs (I ug/mL, 10 ug/mL,
and 100 pug/mL) and LPS (0.5 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL, 500 ng/mL,
and 1,000 ng/mL) for 6 hours. TNFo. concentration released in the medium was
measured using ELISA. Results are expressed as mean + SEM (n=3). *Statistical
significance (P<<0.05) compared to LPS alone.

Abbreviations: IONPs, iron oxide nanoparticles; LPS, lipopolysaccharide; TNFo,
tumor necrosis factor o; ELISA, enzyme-linked immunosorbent assay; SEM, standard
error of the mean.
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TNFa mRNA
(fold induction)
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Fe10 (pg/mL) - - 1 10 100
LPS (0.5 ng/mL) - + + + +

Figure 6 mRNA expression in IONPs-treated primary human monocytes in the
presence of LPS.

Notes: The cells were co-stimulated with 10 nm IONPs (I pg/mL, 10 pg/mL, and
100 pg/mL) and LPS (0.5 ng/mL) for 2 hours, and TNFo. mRNA expression in the
lysates of the treated monocytes was determined by qRT-PCR. Results are expressed
as mean + SEM (n=3). *Statistical significance (P<0.05) compared to LPS alone.
Abbreviations: mRNA, messenger RNA; IONPs, iron oxide nanoparticles;
LPS, lipopolysaccharide; TNFc, tumor necrosis factor o; qRT-PCR, quantitative
real-time polymerase chain reaction; SEM, standard error of the mean.

of IFN mRNA expression showed similar patterns (data
not shown), suggesting that both TLR4 signaling from the
plasma membrane (NFkB pathway) and TLR4 signaling
from endosomes (interferon regulatory factor 3 pathway)
were antagonized by IONPs and that the mechanisms were
upstream of translation.

We further examined the activation of an NFxB-
dependent luciferase reporter and found that HEK293 cells
transiently transfected with TLR4 showed significantly
decreased activation of NFxB after co-stimulation with
10 nm IONPs and 50 ng/mL LPS (Figure 7). The cytokine

25- TLR4-NFxB activation
204 —— =

*
1
==

151

101

HH-

5

Fold induction
(comp to TLR-)

0-Lf 1
Fe10 (ug/mL) - - 1 10 100
LPS (50 ng/mL) - + + + +

Figure 7 Evaluation of NFkB activation in IONPs-treated HEK293 cells in the
presence of LPS.

Notes: HEK293 cells were transiently transfected with TLR4-CD14-MD2 and co-
stimulated with 10 nm IONPs (I ug/mL, 10 ug/mL, 100 pg/mL) and LPS (50 ng/mL)
for 24 hours. LPS (50 ng/mL) served as positive control for the activation of TLR4.
Results are expressed as mean = SEM (n=3). *Statistical significance (P<<0.05)
compared to LPS alone.

Abbreviations: NFkB, nuclear factor kappa B; IONPs, iron oxide nanoparticles;
LPS, lipopolysaccharide; TLR, Toll-like receptor; SEM, standard error of the mean;
comp, compared.
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release from the HEK293 cells was similar to the release
pattern from the monocytes at the same LPS concentration
(Figure 5), which suggests that the effect of IONPs on LPS
activation of TLR4 is not cell type restricted.

Fluorescence confocal microscopy

Having demonstrated that co-stimulation of monocytes
with 10 nm IONPs and LPS resulted in decreased LPS-
induced NF«B activation and release of proinflammatory
cytokines, we hypothesized that [ONPs impair the LPS
binding to CD14/TLR4 and subsequent uptake of LPS in
monocytes, which is reported to be dependent on CD14.%
Examination of cellular uptake was done using confocal
microscopy and Alexa594-labeled LPS (Figure 8). Inter-
nalization of Alexa594-labeled LPS by monocytes resulted
in a focal staining pattern. Co-stimulation of the cells with
IONPs and LPS decreased the cell-associated Alexa594-
labeled LPS fluorescence in a dose-dependent manner, with
minimal staining at 100 ptg/mL IONPs (Figure 8). Cytokine

analyses with Alexa594-labeled LPS in the absence and
presence of IONPs were comparable to the results with
nonlabeled LPS (data not shown), indicating that the fluo-
rescent dye does not interfere with the biological activity
of the Alexa594-labeled LPS. Thus, there is a correlation
of IONPs inhibiting the LPS-induced cytokine production
and LPS uptake.

LPS adsorption onto the nanoparticle

surface

To test if the inhibition of the LPS-induced cytokine pro-
duction and the reduced uptake of Alexa594-labeled LPS
in the presence of IONPs in monocytes could be due to
LPS adsorption onto the particle surface, we performed
centrifugation experiments and treated monocytes with the
supernatants and resuspended pellets. UV—vis absorbance
measurements showed that the IONPs were pelleted by
centrifugation (Figure 9A). Centrifugation of medium con-
taining 0.5 ng/mL or 100 ng/mL LPS did not impact the level

Figure 8 Confocal microscopic analysis of LPS-stimulated primary human monocytes in the presence of IONPs.
Notes: Cellular uptake of Alexa594-labeled LPS (100 ng/mL) in the absence and presence of 10 nm IONPs (I pug/mL, 10 pug/mL, and 100 pig/mL) was evaluated after 2 hours.
Left side: Fluorescence mode. Right side: Transmission light mode. (A) Medium. (B) LPS. (C) | pug/mL Fel0 and LPS. (D) 10 pug/mL Fel0 and LPS. (E) 100 pg/mL Fel0 and LPS.

Scale bar is 10 um.
Abbreviations: LPS, lipopolysaccharide; IONPs, iron oxide nanoparticles.
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Figure 9 LPS adsorption to the 10 nm IONPs and its effects on the activity of the IONPs in TLR signaling.

Notes: Cell-free samples containing both 10 nm IONPs (I ug/mL, 10 ug/mL, and 100 pg/mL) and LPS (0.5 ng/mL and 100 ng/mL) were centrifuged at 15,000x g for 2 hours
(at 4°C) to pellet the nanoparticles. (A) Removal of the 10 nm IONPs after centrifugation was measured using absorbance at 280 nm. Primary human monocytes were treated
with the supernatants before and after centrifugation and resuspended pellets after centrifugation. (B, D) 10 nm IONPs and LPS at 0.5 ng/mL. (C, E) 10 nm IONPs and LPS
at 100 ng/mL. Results are expressed as mean = SEM (n=3). *Statistical significance (P<<0.05) compared to LPS alone in the respective group (before and after centrifugation).

No statistical significant difference between the two groups was found.

Abbreviations: LPS, lipopolysaccharide; IONPs, iron oxide nanoparticles; TLR, Toll-like receptor; SEM, standard error of the mean; TNFo,, tumor necrosis factor o.

of TNFo. production in subsequent monocyte stimulation  inhibited before and after centrifugation, showing that the

experiments (Figure 9B and C).

removal of the IONPs did not restore the original LPS

With 10 pg/mL and 100 pg/mL IONPs and 0.5 ng/mL  bioactivity. The inhibited LPS activity in the supernatants
LPS, the LPS-induced TNFo production was similarly  after centrifugation is likely due to LPS adsorption onto the
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Figure 10 Cytokine response in LPS-stimulated primary human monocytes pretreated with IONPs.

Notes: The cells were pretreated with 10 nm IONPs (I ug/mL, 10 ug/mL, and 100 ug/mL) for 3 hours. After three times washing with Hank’s solution, LPS (0.5 ng/mL) was
added for 6 hours. (A) TNFo, concentration released in the medium was measured using ELISA (n=5). (B) TNFo. mRNA expression in the lysates of the treated monocytes
was determined by qRT-PCR (n=3). Results are expressed as mean + SEM. *Statistical significance (P<<0.05) compared to LPS alone.

Abbreviations: LPS, lipopolysaccharide; IONPs, iron oxide nanoparticles; TNFc, tumor necrosis factor o; ELISA, enzyme-linked immunosorbent assay; mRNA, messenger
RNA; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.

particle surface. Moreover, stimulation of monocytes with
the resuspended pellets did not result in cytokine production
(Figure 9D), which suggests that IONPs blunt the biological
activity of LPS, possibly by sterical hindrance of adsorbed
LPS or by adsorption of CD14 or other accessory proteins nec-
essary for LPS binding to TLR4 and thus TLR4 signaling.

The stimulation of monocytes with IONPs and 100 ng/mL
LPS resulted in a particle dose-dependent decrease in LPS-
induced TNFa production before and after centrifugation
of the exposure solutions (Figure 9C). However, in this
case, the stimulation of the cells with the resuspended pel-
lets resulted in a marked TNFa production, similar to the
particle-free supernatants (Figure 9E). This suggests that
with a greater amount of LPS in the nanoparticle solution,
LPS still retains some of its biological activity, which could
be due to a higher amount of adsorbed LPS to the IONPs
or released LPS, which is biologically active. Using high
concentrations of Alexa594-labeled LPS (100 ng/mL and
500 ng/mL), we could show the LPS adsorption to the IONPs
directly (Figure S5).

Altogether, the IONPs reduced the TLR4-activating
activity of LPS and the CD14/TLR4-dependent cellular
LPS internalization most likely by LPS adsorption onto the
nanoparticle surface.

Pretreatment of monocytes with IONPs
and subsequent stimulation with LPS

In addition to co-stimulation experiments, monocytes
were pretreated with IONPs, washed, and subsequently
stimulated with LPS. Pretreatment with 100 pg/mL IONPs
also reduced the LPS-induced TNFa production, while

co-treatment showed somewhat more potent effects of
IONPs (Figure 10).

Discussion

We investigated whether IONPs affect the production of
proinflammatory cytokines in primary human monocytes
in the presence and absence of TLR4 agonist LPS. The aim
was to examine the capacity of IONPs to alter the reactiv-
ity of monocytes to LPS. Co-stimulation of the immune
system to more than one agent concomitantly is very com-
mon in real life, and considering the use of engineered
nanoparticles and nanomaterials in medical applications,
the study of co-stimulation is highly relevant in the field of
nano-immunotoxicology. It has been previously suggested
that nanomaterials should be evaluated in the presence of
agonists such as the bacterial component LPS.?

Primary human monocytes were examined because of the
following reasons: first, IONPs are used in medical applica-
tions and thus are likely to be administered intravenously.
Blood monocytes are the first cells to come in contact with the
injected nanoparticles, and it is therefore expected that these
cells are directly involved in the uptake of and interaction
with nanoparticles. Second, monocytes are very sensitive to
trace amounts of LPS,** which makes them a suitable cell
model for testing co-stimulation of nanoparticles and LPS.
Furthermore, primary cells possess higher sensitivity com-
pared to immortalized cell lines and represent the response
of normal cells. Thus, they might closely reflect the de facto
responses generated in vivo.?

Prior to the cell studies, it is crucial to identify biological
contaminants in the nanoparticle suspensions in order to
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correctly interpret the immunotoxicological data.’ This is
especially important when working with human monocytes,
as these cells express high levels of TLR4 and are thus very
sensitive to endotoxin,?* as mentioned earlier. LPS (or endo-
toxin) is most often assessed using the LAL assay. However,
nanoparticles frequently interfere with this type of assay,?
which was also the case in our study. Therefore, we chose a
more sensitive, cell-based reporter assay, which in addition
to LPS contamination (TLR4 agonist) also assessed pos-
sible contamination with TLR2 agonists. The exclusion of
nanoparticle contamination with TLR2 or TLR4 agonists was
especially important in our study, as we investigated possible
synergistic effects of co-stimulation with the nanoparticles
and a TLR agonist.

Nanoparticle uptake by professional phagocytes can result
in the production of proinflammatory cytokines.” Here, we
demonstrated that 10 nm and 30 nm IONPs were taken up
by primary human monocytes, which is in agreement with
previous work on IONPs that showed uptake via scavenger
receptors.?’ Internalization via scavenger receptors does not
result in proinflammatory responses. Although we did not
determine the uptake mechanism in our study, the IONPs
alone did not induce the release of TNFa, IL-6, and IL-13
from primary human monocytes, which is in line with pre-
vious findings®® and favors internalization via scavenger
receptors.

Intriguingly, we found that the 10 nm and 30 nm IONPs
inhibited LPS-induced cytokine production in monocytes in a
particle and LPS dose-dependent manner, which was not due
to a loss in viability. These findings are in agreement with
other studies using human monocytes/macrophages, LPS and
pollution particles,”*° or silver oxide nanoparticles.”* How-
ever, our findings are in contrast to some other studies, where
nanoparticles did not affect cytokine secretion mediated by
TLR agonists®'*? or enhanced the cytokine secretion.’** The
contrasting results could be explained by the use of different
nanoparticles (ie, different types with different shapes and
surface coatings/charge) and cellular models.* Studies with
mouse cell lines might not accurately predict responses in
humans, as there are differences in TLR expression, regula-
tion, and function between mice and humans.* Also, differ-
ences in LPS type, concentration, and potency could explain
the contrasting findings. Unfortunately, these studies did not
state the source of LPS used.

In our search for the mechanism(s) underlying this
response, we focused first on excluding experimental arti-
facts, before conducting more mechanistical studies. As
experimental conditions such as cellular adherence and

serum concentration in the cell culture medium could affect
the results of in vitro studies,® we investigated if these factors
would influence the cytokine production in monocytes in
our study. The results showed no differences in the cytokine
response upon cellular co-stimulation with IONPs and LPS
under different conditions (ie, nonadherent cells and higher
serum concentrations). Furthermore, one has to be aware
of possible interferences of nanoparticles with ELISA and
other immunoassays before interpreting cytokine inhibition
studies. In order to correctly interpret the ELISA readouts for
the cytokine production, we determined possible adsorption
of the cytokines to the nanoparticles. Previous studies have
demonstrated that nanoparticles can adsorb cytokines released
from the cells in the medium, which may interfere with the
accurate assessment of the inflammatory responses elicited
by these particles.**" " However, cytokine adsorption to
the nanoparticles as possible artifact could be eliminated as
cause for the low cytokine concentrations measured in our
study. The IONPs did not absorb TNFa and IL-1[. Only
the 10 nm particles at the highest concentration adsorbed
IL-6, which is in agreement with a study by Veranth et al,*
showing that IONPs >100 pg/mL reduced the measured
IL-6 concentration.

Having excluded technical and experimental artifacts, we
conducted further mechanistical studies and showed that the
reduced cytokine production correlated with a reduced activa-
tion of the transcription factor NFxB and reduced cytokine
gene expression, which correlated with impaired LPS uptake
in the monocytes in the presence of IONPs. As internaliza-
tion of LPS by monocytes is dependent on CD14,?? this
suggests that IONPs interfere with LBP/CD14 binding of
LPS and subsequent activation of TLR4/MD2, possibly by
LPS adsorption onto the nanoparticles’ surface. At high LPS
concentrations (100 ng/mL), the resuspended pellets contain-
ing the nanoparticles induced a marked cytokine response,
indicating that LPS is associated with the nanoparticles and
can still retain some of its inflammatory activity. In contrast,
at low LPS concentrations (0.5 ng/mL), no cytokine release
from the monocytes was detected when the cells were
stimulated with the resuspended pellets. This suggests that
the proinflammatory activity of LPS was likely to be inacti-
vated, possibly due to steric hindrance of the LPS molecules
on the nanoparticle surface. Altogether, the data suggest a
mechanism whereby LPS adsorption to the IONPs results in
a partial or complete loss of biological activity, dependent
on both the LPS and the IONP concentrations.

Although we found that the IONPs could adsorb
LPS, this interaction is likely not the only inhibitory
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mechanism for the following two reasons: first, the 10 nm
IONPs suppressed the LPS-induced cytokine response at
high LPS concentrations (1,000 ng/mL) at which the LPS
adsorption/binding is saturated (Figures 5 and 8). This sug-
gests that the inhibitory activity of high concentrations of
IONPs is not solely due to LPS adsorption onto the nanopar-
ticle surface. Second, pretreatment of the monocytes with
10 nm IONPs and subsequent stimulation with LPS led to
a dose-dependent reduction in cytokine production differ-
ent from the response in the co-stimulation experiments,
which suggests that other cellular mechanisms induced by
the IONPs might play a role in the observed effects. Once
taken up by the monocytes, it is likely that the IONPs
modulate intracellular signaling pathways that lead to a
reduction of NFxB activation and cytokine mRNA expres-
sion and protein production. In fact, it has been shown
that pretreatment of bone marrow-derived macrophages
with superparamagnetic IONPs caused reprogramming of
nearly 500 genes regulated in response to LPS challenge.*
Another study suggested that the activation of scavenger
receptors could be associated with the inhibition of inflam-
matory mediators such as LPS.* In any case, IONP uptake
by monocytes might determine not only the monocyte
response to later LPS challenge but also their differentiation
into macrophages or dendritic cells after entering tissues.
It has been suggested that iron regulates the functional
plasticity in macrophages. In fact, a previous study indi-
cates that superparamagnetic IONPs induce a shift from M2
macrophages to M1 subtype.* How the possible polarizing
effect of IONPs on monocyte/macrophage differentiation
influences further regulation of inflammatory reactions
needs to be investigated.

Further research is also needed to clarify the additional
mechanisms of how IONPs can suppress the LPS-induced
cytokine response in human monocytes and whether this
response is unique to IONPs. Preliminary data from our
group with dopamine- and dextran-coated IONPs showed
a similar LPS-induced inhibition of the TNFa response
at a high NP concentration (100 pg/mL). However, co-
stimulation experiments with uncoated TiO,, ZnO, CeO, and
SiO, nanoparticles resulted in an increase in LPS-induced
TNFao response. These results may indicate that the coating/
surface charge is relevant in the mechanism by which the
nanoparticles adsorb LPS and inhibit the production of
proinflammatory cytokines. Nevertheless, more research
is needed to determine the role of the core material and
surface coating/charge in the inhibition of proinflammatory
cytokine production.

Conclusion

Overall, this study showed that 10 nm and 30 nm IONPs have
no inflammatory effect per se on primary human monocytes
but can modulate the LPS-induced cytokine responses in
these cells. The inhibition of the LPS-induced proinflam-
matory cytokine production was found to be both LPS and
particle dose-dependent. The observed effects are partly
caused by LPS adsorption onto the particle surface, which
reduced the bioavailability of LPS for cellular receptors such
as CD14 and TLR4 and which subsequently reduced the LPS
internalization by monocytes. Additionally, results from
particle pretreatment experiments indicate that other cellular
mechanisms also play a role in the observed effects.
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Figure S| Evaluation of biological contamination of the IONPs.

Notes: A luciferase reporter cell assay was used to assess contamination of the IONPs with (A) TLR2 and (B) TLR4 agonists. Human embryonic kidney (HEK293) cells were
transiently transfected with a luciferase NF«B reporter plasmid (ELAM-luc) together with either vector only (TLR-), TLR2+/CD 4, or TLR4+/MD2+/CD 14 plasmids. The
cells were treated with 10 nm and 30 nm IONPs (I pg/mL, 10 pug/mL, 100 ug/mL) for 24 hours. TLR4 agonist LPS (100 ng/mL) and TLR2 agonist FSL-1 (100 ng/mL) served
as positive controls for the activation of TLR4 and TLR2, respectively. Results are expressed as mean * SEM (n=3).

Abbreviations: IONPs, iron oxide nanoparticles; TLR, Toll-like receptor; NFkB, nuclear factor kappa B; LPS, lipopolysaccharide; FSL-1, fibroblast-stimulating lipopeptide |;
SEM, standard error of the mean.
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Figure S2 Cytokine adsorption to the IONPs.

Notes: Cell-free samples containing (A) 10 nm and (B) 30 nm IONPs (I ug/mL, 10 pg/mL, and 100 pg/mL) were incubated with recombinant TNFa, IL-1B, and IL-6,
respectively, for 6 hours, and cytokine concentration in the supernatant was measured using ELISA. Results from one representative experiment are shown.
Abbreviations: IONPs, iron oxide nanoparticles; TNFo., tumor necrosis factor o; IL, interleukin; ELISA, enzyme-linked immunosorbent assay; Std, standard.
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Figure S3 Cytokine response in IONPs-treated nonadherent monocytes and PBMCs in the presence of LPS.
Notes: (A) Nonadherent primary human monocytes and (B) PBMCs were treated with 10 nm IONPs (I pg/mL, 10 ug/mL, and 100 pg/mL) and LPS (0.5 ng/mL) for 6 hours.
The TNFo concentration released in the medium was measured using ELISA. Results are expressed as mean + SEM (n=3). *Statistical significance (P<<0.05) compared to

LPS alone.
Abbreviations: IONPs, iron oxide nanoparticles; PBMCs, peripheral blood mononuclear cells; LPS, lipopolysaccharide; TNFo., tumor necrosis factor o; ELISA, enzyme-

linked immunosorbent assay; SEM, standard error of the mean.
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Figure S4 Influence of serum concentration in cell culture medium on cytokine response in IONPs-treated primary human monocytes in the presence of LPS.

Notes: The cells were treated with 10 nm IONPs (I pg/mL, 10 pg/mL, and 100 pg/mL) and LPS (0.5 ng/mL) for 6 hours in cell culture medium containing varying
concentrations of A+ serum. (A) RPMI 1640 with 5% A+ serum. (B) RPMI 1640 with 10% A+ serum. (C) RPMI 1640 with 20% A+ serum. The TNFo. concentration released
in the medium was measured using ELISA. Results are expressed as mean £ SEM (n=3). *Statistical significance (P<<0.05) compared to LPS alone.

Abbreviations: IONPs, iron oxide nanoparticles; LPS, lipopolysaccharide; TNFo, tumor necrosis factor o; ELISA, enzyme-linked immunosorbent assay; SEM, standard error

of the mean.
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Figure S5 LPS adsorption to the IONPs.

Notes: Cell-free samples containing nanoparticles (100 pg/mL) and LPS (100 ng/mL and 500 ng/mL in two different setups) were centrifuged at 15,000x g for 2 hours
(4°C). The fluorescence intensity of the resuspended pellets was compared to a sample containing only nanoparticles (100 pg/mL). A representative image of each sample
is shown.

Abbreviations: LPS, lipopolysaccharide; IONPs, iron oxide nanoparticles.
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