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Abstract: Gold nanoparticles (AuNPs) have demonstrated outstanding performance in many biomed-
ical applications. Their safety is recognised; however, their effects on the immune system remain ill
defined. Antigen-presenting cells (APCs) are immune cells specialised in sensing external stimulus
and in capturing exogenous materials then delivering signals for the immune responses. We used
primary macrophages (Ms) and dendritic cells (DCs) of mice as an APC model. Whereas AuNPs
did not alter significantly Ms and DCs functions, the exposure to AuNPs affected differently Ms
and DCs in their responses to subsequent stimulations. The secretion of inflammatory molecules
like cytokines (IL-6, TNF-«x), chemokine (MCP-1), and reactive oxygen species (ROS) were altered
differently in Ms and DCs. Furthermore, the metabolic activity of Ms was affected with the increase
of mitochondrial respiration and glycolysis, while only a minor effect was seen on DCs. Antigen
presentation to T cells increased when DCs were exposed to AuNPs leading to stronger Th1, Th2,
and Th17 responses. In conclusion, our data provide new insights into the complexity of the effects of
AuNPs on the immune system. Although AuNPs may be considered as devoid of significant effect,
they may induce discrete modifications on some functions that can differ among the immune cells.

Keywords: antigen presenting cells; phagocytic cells; immunotoxicity; inflammation; immuno-
metabolism

1. Introduction

In the past few decades, nanoparticles (NPs) have been introduced in medicine for
therapeutic and diagnostic applications. The surface modifications of these nanometric
structures, together with the encapsulation of drugs, enable the development of innovative
drug carriers or contrast agents for imaging. This field of investigation is of great interest,
as NPs might enable the development of targeted therapies, increasing the diffusion and
effectiveness of drugs together with facilitated administration and reduced public health
costs [1].

Gold is the archetype of materials developed for medical purposes. Indeed, gold-
based NPs (AuNPs) are easily synthesised and adjustable in size. Their surface can be
covalently-modified and they are resistant to oxidation [2]. All these properties enable the
use of AuNPs to deliver different kinds of therapeutic agents [3]. Furthermore, AuNPs
have specific optical properties, and can be easily detected and imaged. Based upon these
peculiarities, AuNPs have been used as photothermal agents for cancer therapy, which
are capable of delivering heat upon surface plasmon oscillation excitation [4]. Despite the
wide range of beneficial applications, AuNPs are thought to induce toxic side effects when
inhaled or ingested. Thus, it is important to investigate their toxicity and how they can
be minimised.
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The immune system is specialised in the maintenance of body integrity and comprises
an innate and adaptive contribution. The innate immune system is considered as the first
line of defence against foreign pathogens [5]. It comprises antigen-presenting cells (APCs),
such as macrophages (Ms) and dendritic cells (DCs), both found in the blood, lymphoid
organs, and residing in any organs. Ms are a subset of phagocytes of the innate immune
system. Their main role is to engulf and digest cellular debris and pathogens taken up from
their environment by a mechanism called phagocytosis. They contribute to a rapid and
non-specific defence, and are efficient against most pathogens [6]. The DCs are defined as
professional APCs [7]. They act at the interface between the innate and adaptive immune
systems. After phagocytosis, their main function is to process and present antigens to naive
T lymphocytes (LT), associated with class II major histocompatibility complex (MHC-II).
This process may initiate the adaptive immune response. Upon activation by a foreign
pathogen, DCs secrete a large range of cytokines, implicated in the activation of natural
killers or the control of T cell response, for example [8]. The integrity of both these cell
populations is necessary to ensure proper responses to infection; they are, thus, likely the
most relevant experimental models for the study of the effects of NPs on cell fate.

Both DCs and Ms express toll-like receptors (TLR) that allow them to detect and
respond to pathogen-derived molecules [9]. In response to different TLR agonists, as well
as cytokines such as IL-4 and IL-13, DCs and Ms transition from a resting to an activated
state through a process that involves the induction of expression of genes encoding a broad
array of proteins such as cytokines, chemokines, and co-stimulatory molecules. Activation
of DCs and Ms in response to particular stimulus requires support from metabolic and
bioenergetic resources. Therefore, immuno-metabolism entails all activities and changes
that occur in immune cells [10].

Indeed, AuNPs have been found to accumulate in Ms and DCs due to their phagocytic
capacity [11], making these cells suitable to investigate the toxic effects of AuNPs. They
could engulf a large volume of these particles, and in case AuNPs display high toxicity, the
metabolism of Ms and DCs could be severely affected, eventually leading to the alteration
of cellular functions.

Up to now, publications dealing with AuNPs toxicity demonstrated that the accumu-
lation of these particles in cells induced low cytotoxicity [12-15]. However, the functional
impact of AuNPs exposure on the immune system cells, also defined as immunotoxicity,
remains poorly documented.

This paper describes the impact of AuNPs on Ms and DCs metabolism, which could lead
to alteration in the respective cell function, and proposes that reprogramming of cell metabolism
using AuNPs might be a novel therapeutic approach to treat inflammatory diseases.

For this reason, we analysed whether exposure to sub-toxic doses of AuNPs (10 nm
and 50 nm) leads to functional alterations of these cells. We evaluated the effect of AuNPs
on the following: (1) phagocytic capacity of Ms and DCs; (2) cell activation; (3) cytokine
production; (4) redox profile; (5) metabolic profile, and (6) LT activation by DCs.

2. Materials and Methods
2.1. Cell Culture

The mouse Ms cell line J774.1A was obtained from the American Type Culture Col-
lection (ATCC™). Cells were cultured in complete Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin.

The bone marrow (BM) derived dendritic cells (BMDCs) were generated from BM
extracted from C57BL/6 mice (Charles River, I’ Arbresle, France), as described earlier [16].
Briefly, BM cells were isolated by flushing from the tibia and femurs. Erythrocytes and GR1
(Granulocytic Marker-1) positive cells were removed by magnetic cell sorting using Dyn-
abeads (ThermoFisher, Waltham, MA, USA, cat. no.: 11047) after incubation with Ly-6G/Ly-
6C (BD Pharmingen, cat. no.: 553125) and TER-119 (BD Pharmingen, cat. no.: 553672)
antibodies, the remaining negatively sorted cells were isolated using Dynabeads isolation
kit (ThermoFisher, cat. no.: 11047), and resuspended at 5 x 10° cells/mL in complete
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Iscove’s modified Dulbecco’s medium (IMDM) (ThermoFisher, cat. no.: 21980065), sup-
plemented with granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech,
London, UK, cat. no.: 315-03), FLT-3L (Peprotech, cat. no.: 250-31L), and IL-6 (Peprotech,
cat. no.: 216-16) according to Table 1. The transformation of the progenitors into fully
active DCs occurred after 10 days of culture.

Table 1. Concentration of granulocyte-macrophage colony-stimulating factor (GM-CSF), FLT-3L, and IL-6 for bone marrow
(BM) derived dendritic cells (BMDCs) culture 1.

Cells Are Cultured

Day 0 Day 3 Day 5 Day 7 Day 10

Cell Concentration

0.6 x 10%/mL 0.5 x 10%/mL 0.5 x 10%/mL 0.5 x 106/mL According to Cell Plating

Supplement

IL-6
FLT-3
GM-CSF

5ng/mL 2.5ng/mL 2.5ng/mL - -
50 ng/mL 40 ng/mL 30 ng/mL 25ng/mL 25ng/mL
5ng/mL 5ng/mL 5ng/mL 5ng/mL 5ng/mL

1 BMDCs culture: BMDCs were cultured in a 100 mM TC-treated cell culture dish with 15 mL culture media. Varying concentrations of
GM-CSF, FLT-3L and IL-6 were added to on day 0, day 3, Day 5, Day 7, and Day 10 to harvest fully differentiated BMDCs in day 11.

The bone marrow-derived macrophages (BMDMs) were generated from the BM from
C57BL/6 mice, as described earlier [17]. Erythrocytes were removed by red blood cell
(RBC) lysis buffer, and the remaining cells were cultured in complete DMEM medium
(ThermoFisher, cat.no:61965026) supplemented), with 20% of L929 conditioned medium
(source of M-CSF) for 7 days.

Ovalbumin (OVA)-specific CD4+ T cells were obtained from OT II Mice (Charles River
Laboratories, I’ Arbresle, France). Briefly, mouse spleen was dissociated in the Roswell
Park Memorial Institute (RPMI) medium, and erythrocytes were lysed using RBC lysis
buffer. The T cells were isolated by negative selection using Dynabeads® Untouched™
Mouse T Cell Kit (ThermoFisher, cat. no.: 11413D) and resuspended in the culture medium
of BMDCs.

2.2. Gold Nanoparticles (AuNPs)

BioPure Gold Nanospheres were obtained from Nanocomposix (Nanocomposix,
San Diego, CA, USA, cat. no.: AUCB20). These AuNPs were of high quality particles,
unagglomerated, monodispersed, extensively purified, and provided sterile and endotoxin
free (<5 EU/mL). The zeta potential of these particles were +19.7 £ 0.8 mV (3 independent
measurements at 25 °C) by electrophoretic light scattering (ELS) using a Zeta Sizer Nano
ZS instrument (Malvern Panalytical, Malvern, UK) with 1 pg/mL AuNPs dispersion in
1 mM NaCl. The hydrodynamic diameter and polydispersity index (PDI) of these particles
were measured by dynamic light scattering (DLS) with a 1 ug/mL AuNPs in complete
DMEM medium. The hydrodynamic diameter was 97.01 £ 7.29 nm in DMEM (complete
medium with 10% FBS) (Supplementary Table S1). The PDI was 0.45 & 0.009.

2.3. Incubation with AuNPs

Cells were plated on 12, 24, or 96 well plates from Falcon® or Seahorse XFe96 cell
culture microplates and exposed to AuNPs at 10 and 50 ug/mL final concentrations for
24 h. This time of exposure was selected because it is actually the longest time of exposure
feasible to achieve all the assay time lines without affecting cell viability. Then, the cells
were washed and stimulated with lipopolysaccharide (LPS) (Sigma, Saint-Quentin Fallavier,
France, cat. no.: L2654) (2 ug/mL) or IL-4 (ThermoFisher, cat. no.: 14-8041-80) (20 ng/mL)
for 24 h. The impact of AuNPs on BMDMs and BMDCs was assayed for parameters such as
viability, phagocytosis, activation, cytokine secretion, nitric oxide (NO) production, reactive
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oxygen species (ROS) production, glycolysis, or mitochondrial metabolism. A graphical
representation of all the experiments is presented in Supplementary Figure S1.

2.4. Toxicity Assessment

Cell viability was tested by CytoTox-ONE™ Homogeneous Membrane Integrity Assay
(Promega, Charbonnieres-les-Bains, France, cat. no.: G7891), according to the manufac-
turer’s optimised protocol. Lysis solution was added to generate full lactic dehydrogenase
(LDH) release corresponding to a 100% cell death and used as control. The fluorescence
signal was recorded (at 560 nm and 590 nm for excitation and emission, respectively) with
a CLARIOstar® Microplate Reader (BMG Labtech, Ortenberg, Germany).

2.5. Confocal Microscopy and Transmission Electron Microscopy (TEM) Analyses

The AuNPs accumulation inside cells was analysed by the reflection of the indicated
laser on their surface, using LSM510 Confocor II (Zeiss, Oberkochen, Germany). Cell
membrane was visualised using FITC-conjugated cholera toxin (Sigma, cat. no.: C1655).
Cell compartments were labelled with Cy3-coupled anti-early endosome antigen 1 (EEA1)
(GeneTex, Irvine, CA, USA, cat. no.: GTX109638) and Alexa Fluor 647% coupled anti-
lysosomal associated membrane protein 1 (LAMP1) antibodies (Santa Cruz Biotechnology,
Heidelberg, Germany, cat. no.: sc-8099). After incubation with AuNPs at the indicated
conditions, cells washed with PBS were incubated for 1 h at room temperature in Petri
dishes pre-coated with 20 mM polylysine for 24 h.

For TEM, cells were gently washed with PBS and fixed with 1% v/v glutaraldehyde in
PBS for 1 h at room temperature. They were then post-fixed in 1% v/v osmium tetroxide in
PBS for 1 h, and processed by ethanol dehydration, followed by embedding in epoxy resin.
Observations were performed on a Philips CM120 TEM microscope operated at 80 kV.

2.6. Phagocytosis Assay

The AuNPs exposed ]774.1A Ms were incubated with 1 pM-diameter FluoSpheres®
Carboxylate-Modified Microspheres (1 uM, ThermoFisher, cat. no.: F8851), at a ratio of
10 microspheres per cell for 6 h at 37 °C in a 5% CO, incubator. The cells were analysed for
their fluorescence on a BD Accuri™ C6 flow cytometer (BD Biosciences, Claix, France) and
FCS Express V6 (De Novo Software).

2.7. Cell Activation

The AuNPs exposed BMDMs and BMDCs were stimulated with 2 pg/mL LPS from
E. coli, for 24 h at 37 °C with 5% CO;. The supernatant was harvested for cytokine
immunoassay, and the cells were labelled with antibodies specific for CD11b (Ozyme, Saint
Cyr, France, cat. no.: BLE101226) and CD11c (Ozyme, cat. no.: BLE117318), or CD11b
(Ozyme, cat. no.: BLE101216) and F4/80 (Ozyme, cat. no.: BLE123152), cell surface markers
of BMDCs and BMDMs, respectively, after Fc receptor blocking (BD Pharmingen, Claix,
France, cat. no.: 553142) to reduce non-specific binding. To evaluate cellular activation,
BMDCs and BMDMs were immunostained with anti-IAb-AP (Ozyme, cat. no.: BLE116410)
and anti-CD86 (Ozyme, cat. no.: BLE105008) antibodies. In both cases, only live cells were
selected by staining with 7-Aminoactinomycin D (7AAD) (negative gating) (BD Biosciences,
cat. no.: 559925) and analysed by flow cytometry using BD™ LSR II (BD Biosciences). The
proportion of activated cells was quantified using FCS Express V6 (De Novo Software).

2.8. Cytokine Immunoassays

Cytokine production was measured in the supernatant of cell cultures utilising Cyto-
metric Bead Array (CBA) (BD Biosciences, cat. no.: 552364), using a Mouse Inflammation
Kit against IL-6, IL-12p70, MCP-1, TNF-«, IL-10, and IFN-y. The results were acquired by
flow cytometry on a BD™ LSRII (BD Biosciences) and analysed with FCAP Array Software
v3.0 (BD Biosciences, cat.no: 652099).
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2.9. The NO and ROS Production

The amounts of NO production by BMDMSs and BMDCs were assessed by measuring
nitrite concentration in the cell culture media by the Griess assay. An amount of 50 uL of
cell supernatants was transferred into a 96-well plate, incubated with an equal volume of
Sulphanilamide (Sigma, cat. no.: S9251) and N-alpha-naphthyl-ethylenediamine (NED)
(Sigma, cat. no.: 222488) solutions, respectively, and was allowed to sit for 10 min in the
dark. Then the optical density (OD) of the solution was then measured at 540 nm, using the
CLARIOstar® Microplate Reader (BMG Labtech). The approximate concentration of nitrite
in samples was determined from a standard curve. The ROS production by BMDMs and
BMDCs was determined by the ROS-Glo™ H,O, Assay kit (Promega, cat. no.: G8821). The
cells were cultured ata 5 x 10* cells/mL concentration in 96-well plates, exposed to AuNPs
24 h. After that cells were stimulated with 2 ug/mL LPS for 18 h. Then, 20 uL of H,O,
substrate solution was added for 6 h, followed by addition of 100 uL of the ROS-Glo™
detection solution. After this plate was incubated for 20 min at 22 °C, and luminescence
was recorded using the CLARIOstar® Microplate Reader. (BMG Labtech).

2.10. Metabolic Flux Analysis

Mature BMDCs (at Day 10) were plated at 1.5 x 10° cells per well in the Seahorse cul-
ture plate (Agilent, cat. no.: 102416-100) pre-coated with Cell-Tak (Sigma, cat. no.: 354240)
in complete culture medium supplemented by GM-CSF (5 ng/mL) and flt3L (25 ng/mL).
Mature BMDMs (at Day 7) were plated at 0.8 x 10° cells per well in the Seahorse cul-
ture plate. For both cells types, 1 h after plating, the AuNPs were added. After 24 h of
culture, they were washed, and stimulated or not with LPS/IL-4. Then after 24 h, they
were either washed with glycostress assay medium [XF base medium supplemented (Agi-
lent, cat. no.: 103575-100) with 1 mM glutamine (Agilent, Santa Clara, CA, USA, cat. no.:
103579-100)) or Mito stress assay medium (XF base medium supplemented with 1 mM
pyruvate (Agilent, cat. no.: 103578-100), 2 mM glutamine and 10 mM glucose (Agilent,
cat. no.: 103577-100)), and then replenished with the same medium (180 puL/well). The
cell culture plate was placed into a 37 °C incubator in the absence of CO, for 45 min
to 1 h before the assay. The Seahorse XFe96 took analyser takes measurements of the
extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) every
6 to 7 min. During the course of experiment, inhibitors were introduced to determine
which metabolic parameters were affected because of the AuNPs treatment by measuring
the ECAR and OCR. Mitochondrial metabolism of BMDCs and BMDMs was monitored by
the mitostress assay. The inhibitors for mitostress assay, added in the listed order, were
Oligomycin (Sigma, cat. no.: 75351) (1.5 puM—inhibits FO/F1 ATPase), Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (Sigma, cat. no.: C2920) (1.5 uM—uncoupling agent),
antimycin A (Sigma, cat. no.: A8674), and rotenone mixture (Sigma, cat. no.: R8875) (1 uyM—
inhibits mitochondrial respiratory complexes 3 and 1, respectively). Glycolysis of BMDCs
and BMDMs was monitored by the glycostress assay. For the glycostress assay glucose
(10 mM), Oligomycin (1.5 uM), and 2-deoxy-D-glucose (2-DG) (Sigma, cat. no.: D8375)
(30 mM-inhibits glycolysis) were injected sequentially. For each assay, Hoechst 33342 (Ther-
moFisher, cat. no.: H21492) was injected at the end, to normalise the data based on cell
count. A graphical representation of the experimental design is presented in Supplementary
Figure S2.

2.11. Antigen Presentation Assay

The AuNPs exposed BMDCs were stimulated with 2 pug/mL LPS for 4 h and incubated
with 25 pg/mL OVA for another 4 h at 37 °C and 5% CO,. A total of 0.4 x 10° T cells
(extracted from OT-II mice and resuspended in the culture medium of BMDCs) were
added to 0.1 x 10° BMDCs. Co-cultures were incubated for 4 d, and supernatants were
then harvested for cytokine immunoassays to measure IFN-y and IL-17 by using the
Th1/Th2/Th17 CBA kit (BD Biosciences, cat. no.: 560485), and IL-13 (ThermoFisher, cat.
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no.: 88-7137-77) was determined by ELISA. A graphical representation of the experimental
design is presented in Supplementary Figure S3.

2.12. Statistical Analysis

Results are expressed as mean values & SD. Statistical analysis was performed using
Prism version 8.4.2 (GraphPad). Statistically significant differences were assessed by
ordinary one-way ANOVA, or repeated measures (RM) ANOVA with Tukey’s multiple
comparisons test. Significance of the results is indicated according to p-values was as
follows: * p < 0.05, ** p < 0.01, ** p < 0.001 and **** p < 0.0001. The p-value below 0.05
was considered statistically significant.

3. Results
3.1. Viability of APCs after Exposure to AuNPs

To analyse whether AuNPs are toxic for APCs, dendritic cells (BMDCs) and macrophages
(BMDMs and ]774.1A) were exposed to different concentrations of AuNPs in vitro. Cell
viability was evaluated after 24 h by measuring membrane integrity through the LDH
release assay (Figure 1). For concentrations up to 150 pug/mL, no significant cytotoxicity of
AuNPs was observed (Figure 1). For the analysis of the immune cell functions, we later
used 50 pug/mL as the highest concentration of AuNPs. This was due to a constraint in
some experimental set up, like in the metabolic analysis, limiting the volume of AuNPs
that could be added.

Impact of AuNPs on Cell Viability

. 100
i) =
=
S, 807
= 60+
s
S 40+
@
=
£ 204
o
&
0 1 1 I 1 1 1
0 25 50 75 100 125 150

Concentration(ug/mL)
- BMDCs &~ BMDMs B J774.1A

Figure 1. Evaluation of cell toxicity after gold nanoparticles (AuNPs) exposure of antigen-presenting
cells (APCs). Cell mortality (lactic dehydrogenase (LDH) Assay) of BMDCs, bone marrow-derived
macrophages (BMDMs), and ]774.1A cells was analysed after exposure to different concentrations
of AuNPs for 24 h. Data are normalised to untreated cells (no AuNPs), considered 100% live. The
results are the mean and standard deviation of three independent experiments.

3.2. The AuNPs Uptake by APCs

To visualise the internalisation of AuNPs by APCs, we first used J774.1A cell line
as a model of phagocytic cells. Cells were exposed to 50 ug/mL of AuNPs for 24 h and
observed by confocal microscopy, AuNPs were visualised by light reflection, cellular
plasma membranes were stained using FITC labelled cholera toxin. Figure 2A clearly
shows the internalisation of AuNPs into ]J774.1A cells. To more precisely map the sub-
cellular compartments of the internalisation, primary phagocytic cells, BMDCs, were
exposed to AuNPs for 24 h, then early endosomes and late endosomes were labelled
with anti-EEA1 antibodies and anti-LAMP1 antibodies, respectively. Confocal imaging
revealed that AuNPs appeared scattered throughout the cell with no specific accumulation
with either early or late endosomes (Figure 2B). The intracellular location of AuNPs in
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BMDCs was further analysed by electron microscopy, confirming some AuNPs were inside
intracellular vesicles (orange arrow) and also that AuNPs accumulated in the cytoplasm
(green arrow) or associated to the membrane, probably being internalised (blue arrow)
(Figure 2C). Accumulation of AuNPs into phagocytic APCs raises the question of whether
their functions could be altered.

Bright Field Reflection FITC - Cholera toxin Merge

Without NPs

AuNPs
(50ug/mL)

(A)

LAMP1

(B)

©

Figure 2. Uptake of AuNPs by APCs. (A,B) are images of confocal microscopy. (A) After exposure of
the J774. 1A cells to 50 pg/mL AuNPs for 24 h, cell membranes were labelled with FITC-coupled
cholera toxin (green), and AuNPs were observed by the reflection using a 560 nm laser (red). (B) the
BMDCs were exposed to 75 ug/mL AuNPs for 10 min; early (EEA1) and late (LAMP1) endosomes
were labelled and AuNPs were observed by the reflection of 488 nm laser. (C) The intracellular
location of AuNPs (13 pg/mL) in BMDCs was analysed using transmission electron microscopy
after a 18-h incubation. The central and right panels represent magnified views of cells. Images are
representative of the majority of cells observed.

3.3. Phagocytosis Capacity of Macrophages

The ]J774.1A Ms. are a commonly used model to analyse internalisation processes and
phagocytosis. The phagocytic capacity of J774.1A Ms. was evaluated via engulfment of
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polystyrene microspheres (1 uM) coupled with a fluorochrome. After sorting, the number
of phagocytosed polystyrene microspheres was counted by confocal microscopy. Different
sub-populations could be defined depending on their fluorescence intensity. Furthermore,
fluorescence intensity can be correlated to a number of phagocytosed polystyrene micro-
spheres counted by confocal microscopy (Figure 3A). Thus, each peak of the flow cytometry
histogram has been assigned to a cell population which has internalised 1, 2, 3, and more
microspheres respectively. After exposure to AuNPs, the same analysis was performed
(Figure 3B) and showed a moderate increase of phagocytosis at the highest dose of AuNPs
that is reflected by a decrease of the number of cells, which did not contain microspheres.
In conclusion, the exposure of macrophages to AuNPs does not lead to important change
in their subsequent phagocytosis capacity.

microspheres internalization

1 3and +
——

Cell count | - - + - 10pm
| ‘—

Log fluorescance

intensity (A)

50 [} 1 ]
1 1 ]
1 ] ]

40+ i ' | —
1 ] ]
1 ] ]
T 30 ——— | ‘ |
~ 1 1 1
L] ] ] 1
£ 20+ ‘ | — |
] ' '
1 ] ]
10 i :H |1:
1 ] ]
1 ] ]
0- 1 ] ]

AuNP (ug/mL) - [10]50][ - T1o]50][ - T1o]s0] - T10]50

Number of microsphere 0 1 2 3+
(B)

Figure 3. Phagocytosis capacity of macrophages. (A) J774.1A were exposed (grey) or not (black)
to 50 pg/mL AuNPs for 24 h and incubated with fluorescent microspheres Fluospheres® for 6 h,
and analysed by flow cytometry. Overlaid histograms are shown. (B) After exposure to different
concentrations of AuNPs, the proportion of cells in each peak was analysed. The results are the mean
+/— SD of three independent experiments. Ordinary one-way ANOVA was performed * p < 0.05,
**x p < 0.0001.

3.4. The AuNPs Do Not Impact the Expression of Cell Surface Markers of APCs Activation

The impact of AuNPs on APCs cell activation was analysed using primary BMDCs
and BMDMs; being not transformed these cells better reproduce cellular fate than cell lines.
After the differentiation of BM cells in the culture, BMDCs and BMDMs were analysed by
flow cytometry for the expression of differentiation surface markers. The BMDCs were
stained for CD11b and CD11c expressions and BMDMs for CD11b and F4/80 expressions
(Supplementary Figure S4). For each cell preparation, live cells were gated by selecting
the 7AAD negative cell population, and double-positive cells were gated to analyse the
expression of the activation markers CD86 and MHC-II (Figure 4A,B). As expected after
the activation of APCs by LPS, the number of activated cells expressing both CD86 and
MHC-II increased from 27.57% to 74.97% for BMDCs (Figure 4A), but a negligible change
was observed in the case of BMDMs (18.43 to 14.69%) (Figure 4B). Although LPS did not
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alter the double- positive cell population in BMDMs, however, in case of BMDMs, CD86
expression significantly increased (43.25 vs. 84.03%) (Supplementary Figure S4). Exposure
to increasing concentrations of AuNPs did not yield to the activation of BMDCs, the level of
double-positive cells remaining in the same range between 27.57% to 28.26%, but decreased
in the case of BMDMs (18.43% vs. 4.39%). These data led us to conclude that AuNPs cannot
activate BMDCs but can suppress BMDMs activation. When cells were exposed to AuNPs,
their capacity to respond to LPS activation increased for BMDCs (74.97% vs. 83.37%), but
remain unchanged for BMDMs (14.69% vs. 12.37%). The AuNPs-mediated modulation of
cell surface marker expression is presented in Table 2, and the analysis of flow cytometry
data is shown in Supplementary Figure S4. Altogether, these data indicate that exposure to
AuNPs affect APCs activation estimated by the expression of cell surface markers.

BMDC BMDM
Unstimulated LPS stimulated Unstimulated LPS stimulated
100 ' F 40 .
@ o~ H - 2o :
== S =
35 804 E T § g i 304 @ —E E
== ! - - * '
Z3 % - Z5 —- -
== g 60 ' Bl =] H
Z< 2 i € E S 20+ '
225 4 ' i .
— -1 [ ]
223 iL L izt ER s e
25 2 20 ef* ofe ** ! i : *
ez ! 2= rY T
AuNP (ug/mL)| - [10 |50 | - [10] 50| AUNP (ug/mL)| - [10 (50| | - |10 50
A) (B)

Figure 4. Expression of activation surface markers of APCs. (A) Expression of activation markers of BMDCs. (B) Expression
of activation markers of BMDMs. APCs are exposed to AuNPs for 24 h, followed by lipopolysaccharide (LPS) stimulation
for an additional 24 h. Percentage of double-positive (CD86 and class II major histocompatibility complex (MHC-II)) BMDCs
and BMDMs are counted gated on CD11b and Cd11c positive cells for BMDCs and CD11b and F4/80 positive cells for
BMDMs and plotted in a bar graph. The results are mean +/ — SD of three independent experiments. Ordinary one-way
ANOVA was performed * p < 0.05, ** p < 0.01 and *** p < 0.001.

Table 2. Percentage of activated APCs with or without AuNPs treatment .

BMDCs BMDMs
Unstimulated LPS Stimulated Unstimulated LPS Stimulated
Cells 27.57 + 8.80 7497 £ 1.54 18.43 + 1.64 14.69 + 0.93
Cells + AuNPq pg/mL 26.21 £7.95 80.46 +£ 0.23 14.68 + 1.50 13.88 + 1.31
Cells + AuNPs, pg/mL 28.26 4+ 4.95 83.37 &+ 1.65 439 £0.11 12.37 £ 2.25

! Expression of activation surface marker of APCs. Expression of activation marker of BMDCs and BMDMs after
exposure to AuNPs for 24 h, followed by LPS stimulation for an additional 24 h. Percentage of double-positive
(CD86 and MHC-II) BMDCs and BMDMSs were gated on CD11b and Cd11c positive cells for BMDCs and CD11b
and F4/80 positive cells for BMDMs and the data is displayed in tabular form. Results are mean +/— SD of
3 independent experiments.

3.5. The AuNPs Do Not Modify the Secretions of Signalling Factors by APCs

The production of soluble factors, including signalling proteins like cytokines or
chemokines and small molecular mediators like NO and ROS, are important features of
APCs responses to activation. To determine whether the exposure of APCs to AuNPs could
modulate their capacity to secrete cytokines and chemokines, supernatants of BMDCs
and BMDMs cultures were collected and quantified for their content in pro-inflammatory
(IL-6, TNF-«), immunoregulatory cytokines (IL-10, IL-12) and chemokine (MCP-1). The
AuNPs by themselves did not induce any cytokine and chemokine secretion (Figure 5).
As expected, in response to LPS activation, both BMDCs and BMDMs secreted cytokines
and chemokines, and their exposure to AuNPs had little impact on their cytokine secretion
capacity to APCs. The production of IL-10 by BMDCs reduced at the highest concentration
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of AuNPs. The BMDMs showed a little but significant increase of TNF-«, and of MCP-1
only at the highest concentration of AuNPs. In conclusion, AuNPs exposure has little,
if any, effect on the capacity of APCs to secrete cytokines or chemokines in response to
inflammatory signalling by LPS.
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Figure 5. Secretion of different signalling factors by activated APCs. (A-H) Relative cytokine and chemokine concentrations
in the supernatant of BMDCs and BMDMs exposed to AuNPs and activated by LPS. Results are mean +/— SD of five
independent experiments. Ordinary one-way ANOVA was performed * p < 0.05 and ** p < 0.01.

The NO and ROS productions were evaluated in the culture supernatant of APCs
cultures with the Griess assay and the quantification of H,O5, respectively. No indication of
NO or ROS production was obtained after exposure of both APCs to AuNPs (Figure 6A-C).
After stimulation of LPS, both APCs produced significant quantities of these mediators.
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In the case of BMDMs, these productions were not modified by exposure to AuNPs
(Figure 6B,D); BMDCs showed a moderate reduction of ROS productions (Figure 6C) with
NO production remaining unchanged (Figure 6D). These data indicate that BMDCs and
BMDMs are differently affected by AuNPs in their capacity to produce NO and ROS after
LPS activation.
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Figure 6. Secretion of different signalling factors by activated APCs. (A,B) Relative nitric oxide (NO) concentration in the
supernatant of BMDCs and BMDMs exposed to AuNPs and activated by LPS. (C,D) Relative reactive oxygen species (ROS)
production by BMDCs and BMDMs exposed to AuNPs and activated by LPS. Results are mean +/— SD of five independent
experiments. Ordinary one-way ANOVA was performed ** p < 0.01.

3.6. Analysis of the Mitochondrial Metabolism of APCs

Cellular metabolism is of particular interest, considering its implication in many cell
functions. Under the influence of their micro-environment, APCs are polarised to achieve
distinct functions. For instance, when APCs are challenged with LPS, they polarise towards
pro-inflammatory M1 phenotype; conversely, when they are stimulated with IL-4, they
develop an anti-inflammatory M2 phenotype. Moreover, it is known that the metabolism
of LPS-activated BMDCs and BMDMs relies mainly on glycolysis, whereas cells activated
by IL-4 are dependent on mitochondrial metabolism.

To reveal the impact of AuNPs on mitochondrial metabolism of differently polarised
cells, the cells were pre-treated with different concentrations of AuNPs, then stimulated
with LPS or IL-4 or unstimulated for 24 h. The OCR was measured by the Seahorse
XFe96 analyser. As shown in Figure 7A, AuNPs exposure did not induce any alteration
of the basal mitochondrial respiratory capacity of BMDCs, activated by LPS or IL-4 or
not. Similarly, pre-treatment of AuNPs had no significant effect on the basal respiratory
capacity of unstimulated or LPS-stimulated BMDMs; however, IL-4-stimulated BMDMs
showed a significant increase of their basal respiration in a concentration-dependent
manner (Figure 7B). The AuNPs did not alter proton leakage for BMDCs and BMDMs in
the stimulated or unstimulated states (Figure 7C,D).
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Figure 7. Mitochondrial metabolism of APCs activated or not. (A,B) Basal respiration, (C,D) H+ (Proton) leakage,
(E,F) maximal respiration, (G,H) ATP production, (IJ) non-mitochondrial respiration of BMDCs and BMDMs was measured
after a 24 h exposure to AuNPs or not stimulated by LPS or IL-4 for another 24 h or not, as indicated in the graphs below.
After measuring the oxygen consumption rate (OCR) by using the Seahorse XFe96 analyser, data were normalised based on
the cell number by using Hoechst 33342 staining. The results are mean +/— SD from five independent experiments. RM
one-way ANOVA was performed * p < 0.05, ** p < 0.01 and *** p < 0.001.

The maximal respiration capacity decreased after AuNPs exposure of unstimulated
BMDCs and, more importantly, in IL-4-stimulated BMDCs (Figure 7E). Of note, LPS
stimulation led to a complete abolishment of the maximal respiratory capacity of BMDCs.
The behaviour of BMDMs was different, a significant increase in the maximal respiration
capacity of unstimulated and IL-4-stimulated BMDMs was observed, while no change
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was observed in LPS-stimulated BMDMs (Figure 7F). The analysis of ATP production
(Figure 7G,H) showed similar profiles as those observed for basal respiration, with no
modification after AuNPs exposure of the stimulated or unstimulated BMDCs, but a
significant increase in IL-4-stimulated BMDMs, and no alteration in LPS and unstimulated
BMDMs. The non-mitochondrial oxygen consumption of BMDCs was not significantly
affected whatever their stimulation status (Figure 7I). Again, BMDMs displayed different
reactivity, with an increase in the non-mitochondrial respiratory capacity for all types of
BMDMs (Figure 7J).

Furthermore, we measured the spare respiratory capacity, which indicates the cell
ability to respond to the increasing demand for ATP during the period of stress. Our results
revealed that BMDCs spare respiratory capacity follows the same profile as that of maximal
respiratory capacity (Supplementary Figure S5A), which is not observed in BMDMs. How-
ever, the results are not conclusive because of high variability (Supplementary Figure S5B).
The analysis of coupling efficiency showed that AuNPs did not influence the coupling
efficiency of stimulated or unstimulated BMDCs (Supplementary Figure S5C) and BMDMs
(Supplementary Figure S5D), indicating there was no leakage of protons, which is essential
for driving ATP synthase.

Altogether, these data show that the metabolism of BMDCs and BMDMs are differently
affected by the exposure to AuNPs, BMDCs are moderately affected, whereas BMDMs
significantly increase their mitochondrial and non-mitochondrial respiratory capacities.

3.7. Analysis of the Glycolysis of APCs

The effects of AuNPs exposure on the metabolism of APCs were further investigated
by the analysis of their glycolytic activity. The BMDMs and BMDCs were pre-treated with
different concentrations of AuNPs, then stimulated with LPS or IL-4 or kept unstimulated
for 24 h. The extracellular acidification rate (ECAR) was measured by the seahorse XFe96
analyser. As shown in Figure 8A, AuNPs exposure led to a slight increase of glycolysis
in unstimulated BMDCs, whereas stimulated BMDCs displayed high variable levels of
glycolysis. All types of BMDMs responded to AuNPs exposure by significant increases
in glycolysis (Figure 8B). Figure 8C depicted that pre-treatment with AuNPs increased
the glycolytic reserve of LPS stimulated BMDCs but not that of unstimulated and IL-
4-stimulated BMDCs. An increase was observed in LPS and IL-4-stimulated BMDMs,
but unstimulated cells showed no alteration when exposed to different concentrations of
AuNPs (Figure 8D). Overall, AuNPs increased glycolysis dependent energy demand in both
BMDCs and BMDMs in a manner dependent on the dose, and on the state of stimulation.

3.8. The AuNPs Exposure to BMDCs Increases the Antigen Specific the T Cell Responses

To explore whether alterations of the metabolic profile of APCs impair the activation
of T cell, we performed an in vitro antigen presentation assay. Briefly, AuNPs exposed
BMDCs were activated with LPS and a model antigen OVA, then co-cultured with LT
purified from the spleen of OT-II transgenic mice. The OT-II mice exhibit a transgenic T
cell receptor (TCR), which recognises OVA peptide presented by APCs on MHC-II IAb;
consequently, all LT from these mice are specific to OVA. After 4 days, the supernatant of
the co-cultures was collected and the fate of LT was evaluated with regard to the cytokines
secreted: gamma interferon (IFN-y) as the major effector of Th1 response, IL-13 and IL-4
for Th2 response and IL-17 as representative of Th17 response. These cytokine secretions
were analysed by the CBA. Figure 9 shows the quantification of these cytokines for a
representative experiment. The AuNPs by themselves did not induce cytokine secretion
by LT. Additionally, LDH mediated toxicity analysis showed AuNPs did not directly
induced T cell death (Supplementary Figure 56). The production of IFN-y, IL-13, and IL
-17 significantly increased when BMDCs were exposed to a high concentration of AuNPs
(50 pg/mL). Altogether, these data showed AuNPs exposure increased BMDCs capacity to
activate antigen specific responses of all T cells, i.e., Th1, Th2, Th17.
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Figure 8. Glycolysis of APCs activated or not. (A,B) Glycolysis, (C,D) glycolytic Capacity of BMDCs and BMDMs were
evaluated after a 24 h exposure to AuNPs or not and after stimulation or not by LPS or IL-4 for another 24 h, as indicated in
the graphs below. After measuring the extracellular acidification rate (ECAR) using the Seahorse XF analyser, the data were
normalised based on the cell number by using Hoechst 33342 staining. The results are mean +/— SD of five independent
experiments. RM one-way ANOVA was performed * p < 0.05 and **p < 0.01.
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Figure 9. Antigen-specific T-cell responses. [A] OT-II T cells were co-cultured with AuNPs exposed/ovalbumin (OVA)
loaded/LPS activated BMDCs for 4 days. T cell cytokine production is shown. In the absence of OVA antigen, the
concentrations of IFN-y, IL-13, and IL-17 produced by T cells are 186, 35, and 623 pg/mL, respectively (data not shown),
and in the absence of OVA antigen but the presence of AuNPs, the concentrations of IFN-y, IL-13, and IL-17 produced
by T cells are 90 pg/mL, 24 pg/mL, and 381 pg/mL, respectively (data not shown). The results are mean +/— SD of five
independent experiments. Ordinary one-way ANOVA was performed * p < 0.05, ** p < 0.01 and **** p < 0.0001.

4. Discussion

Gold salts have long been used to treat various diseases such as rheumatoid arthritis
and tuberculosis [18]. Today, AuNPs are widely used in targeted drug delivery, cell imaging,
cancer diagnostics, and treatments [1]. The effectiveness of these particles depends on
their ability to target specific cells followed by their internalisation. The nanometric size of
AuNPs plays a critical role in their internalisation; 50 nm AuNPs have been shown to be



Cells 2021, 10, 96

15 0of 19

the most efficiently internalised by cells [19]. As these nanoparticles are internalised and
accumulated inside cells, they may interfere with the cellular fate and functions. This issue
is especially important concerning the immune system, because of the capacity of some cells
of this system to actively capture extracellular materials and control immune responses by
the delivery of inflammatory signals for stimulation and orientation of antigen presentation,
leading to specific immune responses. A precise knowledge of the effects of AuNPs on
APCs, including macrophages (Ms) and dendritic cells (DCs), provides a valuable insight
into the biological consequences of AuNPs exposures and to define putative adverse
effects. It is yet well established that NPs immunotoxicity should be tested on APCs [20,21],
because these cells are involved in nonspecific innate defences, as well as in specific immune
responses. Furthermore, DCs play a critical role as a bridge between innate and adaptive
immune systems by initiating the T cell-mediated response [22]. Therefore, perturbation
of the functions of these cells may result in altered immune response in NP-exposed
individuals. In consequence, Ms and DCs appear to be appropriate tools for discriminating
between NPs that interfere with the immune system or not. The current work provides a
comparative study of the influence of AuNPs at subtoxic concentration on two primary
professional phagocytic cells derived from the bone marrow of mice, BMDCs and BMDMs.
Their activities and characteristics: phagocytosis, cell activation, cytokine secretions, redox
status together with their ability to present antigens was analysed in detail. In addition,
we provide a study of the metabolic activity, pointing at different influences of AuNPs on
mitochondrial metabolism and glycolysis of BMDCs and BMDMs.

The phagocytic capacity of APCs leads to the accumulation of NP inside cells, therefore
it is important to investigate the sub cellular localisation of AuNPs in APCs. Accumulation
of AuNPs inside intracellular vesicles of the ]J774.A1 Ms cell line [23] and, more precisely,
in the lysosome of the raw 264.7 Ms cell line [24], has been shown by TEM and confocal
microscopy. In the present study, we demonstrate the presence of AuNPs in early (EEA1+)
and late (LAMP1+) endosomes of APCs by confocal microscopy. In addition to AuNPs
identified in EEA1 and LAMP1 vesicles, aggregated clusters of AuNPs were observed in
the cytosol of APCs using confocal microscopy and more precisely with TEM.

One of the key properties of APCs is their ability to engulf foreign material by phago-
cytosis. The exposure to 10 nm AuNPs was shown to significantly reduce the phagocytic
capacity of Raw 264.7 Ms cell line and BMDMs [25]. In the present study, we show that
the phagocytic capacity of the ]J774.1A Ms cell line is not impaired after 24 h exposure with
AuNPs. A possible explanation for these different effects could be that different cell lines
of Ms were used and/or related to the nature of the phagocytosis assay that is based on the
use of E. coli [25] and of polystyrene beads in our study.

Accumulation of nanoparticle inside the APCs could be an important perturbation
for the activation state of the cells. Cell interaction with nanoparticle may hinder their
activation state which could be evaluated by the cell surface expression of CD86 and
MHC-II. We found that AuNPs did not activate the BMDCs by themselves but increase
the response of BMDCs to LPS. This finding is consistent with previous studies showing
the increased expression of MHC-II [14] and CD86 [26]. Interestingly, BMDMs display a
different behaviour: treatment with AuNPs mildly reduced the expression of activation
markers in a dose dependent manner. However, AuNPs treated BMDMs did not show any
alteration of the expression of activation markers upon LPS stimulation, which may be
due to the saturation of CD86 and MHC-II expression. However, in the case of BMDMs an
increase of CD86 expression upon LPS stimulation is more evident than both the CD86 and
MHC-II expression level.

Upon activation, APCs secrete several immune-regulatory molecules. We showed that
AuNPs by themselves did not fuel any cytokine secretion. These data are in the direct line
of previous studies on DCs [14] and on Ms [25], indicating that AuNPs did not promote
production of TNF-«, IL-6 and IL-10. These findings were also validated by other previous
publications in various models [24,27]. However, we see a mild increase in TNF-« and
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MCP-1 production in AuNPs-treated BMDMs upon LPS stimulation at a high concentration
(50 g /mL).

We observed that AuNPs neither induced NO and ROS production in unstimulated
BMDMs nor altered their production after LPS stimulation. This is consistent with previous
findings [27]. Concerning BMDCs, we have seen a significant reduction of ROS production
after LPS activation but only at high concentration of AuNPs, while NO production
remains unchanged.

Generally, NMs that do not induce inflammatory response are considered as safe.
However, there are evidences that NMs might alter the function of immune cells by in-
ducing alterations in metabolic pathways [28,29]. To evaluate the effect of AuNPs on the
metabolism of BMDMs and BMDCs, we stimulated them either with either LPS or IL-4 as
representatives of different microenvironments, which may affect cellular functions. For
example, conventional activation of pro-inflammatory cells by LPS facilitate inflammation
and participate to the host defence against various kinds of microbial threats. On the other
hand, alternative activation by IL4 induced anti-inflammatory cells, potent suppressors
and controllers of ongoing immune responses. Such stimulated cells exhibit a distinguish-
able regulation of their metabolism: LPS-activated proinflammatory cells undergoing a
metabolic switch to enhance glycolysis [30,31]. Alternatively, IL-4 stimulated cells rely on
both fatty acid oxidation (FAO) and mitochondrial oxidative phosphorylation (OXPHOS)
for sustained energy [10]. Thus, altered metabolism is not only a key feature of stimulated
cell function but also a prerequisite for a proper response to immune stimuli. The analysis
of mitochondrial metabolism and glycolysis showed that AuNPs did not to alter the basal
mitochondrial respiration of BMDCs but increased it for BMDMSs. The possible explanation
for this phenomenon is the different phagocytic capacity of these cells. Indeed, it has
been established that the phagocytic index of Ms is higher than that of DCs [32], thereby
enabling accumulation of a large quantities of AuNPs in BMDMs, and increasing the basal
respiration to meet the endogenous ATP demand of the cell. Unaltered proton leakage in
BMDCs and BMDMs suggests that AuNPs did not induce any mitochondrial damage in
these cells. Measurement of ATP production shows that pre-treatment with AuNPs did not
alter the ATP production of BMDCs but increased it in BMDMs, which is consistent with
basal respiration.

The basal respiration rate does not accurately reflect the ability of cellular respiration
to respond to increased energy demand. As such, estimating the maximum capacity of
substrate oxidation can be extremely valuable for the discovery of mechanisms by which
AuNPs could affect cell metabolism.

Conversely, spare respiratory capacity indicates the reserve capacity of a cell to re-
spond to an increased ATP demand and withstand periods of stress. Here, we show
that pre-treatment with AuNPs significantly decreases the maximal and spare respira-
tory capacities of unstimulated and IL-4-stimulated BMDCs (cells, largely dependent on
mitochondrial metabolism), but increases them significantly in unstimulated and IL-4-
stimulated BMDMs. The increase of these two parameters in BMDMs can be explained by
the increase in basal respiration as well as ATP production due to the increase in cellular
energy demand. However, a significant decrease of both these parameters in BMDCs
shows the impact of AuNPs on BMDCs. The possible explanation for this could be either
alteration of the mitochondrial content and cristae density or alteration of the respiratory
substrate transport system or alteration of the respiratory chain complex activity or a
combination of these parameters [33]. Benjamin et al. have already hypothesised that
AuNPs dependent alteration of innate immune memory in human monocytes might be
explained by alterations in metabolic pathways [34]. Here, we confirm that AuNPs alter
the metabolic response of BMDMs in response to secondary stimuli (LPS/IL-4).

To be activated, T cells have to recognise the antigen presented by MHC-II molecules
and to be stimulated by CD86 accessory molecules, which are both expressed at the surface
of DCs, in the context of an inflammatory signal. We observed that BMDCs challenged
by LPS as inflammatory signal showed an increased expression of CD86 and MHC-II
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molecules when they have been exposed to AuNPs. We investigated the impact of BMDCs
on T cell antigen responses by the analysis of the secreted cytokines. A significant increase
of IFN-y, IL-13, and IL-17 productions, reflecting Th1, Th2, and Th17 cell polarisation,
could be correlated with the activation of the BMDCs seen by high CD86 and MHC-II
expression levels. A study with 50 nm AuNPs reported the induction of a Th17 response
in humans, but no significant change in Th1 and Th2 responses [35]. This difference can
be explained by the cellular model, the surface coating of AuNPs, the maturation, and
activation states of DCs and the routes of antigen uptake. Interestingly, the fact that increase
T cell responses to antigen affects Th1, Th2, and Th17 subsets of T cells may preserve the
balance between pro-inflammatory and anti-inflammatory responses.

In conclusion, our study shows that Ms and DCs respond differently when exposed to
AuNPs. Therefore, it is mandatory to take both cell types into account when conducting
immunotoxicity testing.
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