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Abstract: The evaluation of carbon-based nanomaterials’ (C-BNMs’) interactions with the immune
system, notably their ability to cause inflammation, is a critical step in C-BNM health risk assessment.
Particular attention should be given to those C-BNMs that do not cause direct cytotoxicity or inflam-
mation on their own. However, the intracellular presence of these non-biodegradable nanomaterials
could dysregulate additional cell functions. This is even more crucial in the case of phagocytes,
which are the main mediators of defensive inflammation towards pathogens. Hence, our study was
focused on multi-walled carbon nanotubes (MWCNTs) and two different types of graphene platelets
(GPs) and whether their intracellular presence modulates a proinflammatory response from human
primary monocytes towards common pathogens. Firstly, we confirmed that all tested C-BNMs caused
neither direct cytotoxicity nor the release of tumour necrosis factor α (TNF-α), interleukin (IL)-6
or IL-10. However, such pre-exposed monocytes showed increased responsiveness to additional
bacterial stimuli. In response to several types of bacteria, monocytes pre-treated with GP1 produced
a significantly higher quantity of TNF-α, IL-6 and IL-10. Monocytes pre-treated with MWCNTs
produced increased levels of IL-10. All the tested C-BNMs enhanced monocyte phagocytosis and
accelerated their differentiation towards macrophages. This study confirms the immunomodulatory
potential of C-BNMs.

Keywords: graphene; carbon nanotubes; cytotoxicity; immunomodulation; inflammation; mono-
cytes; phagocytosis

1. Introduction

C-BNMs are rightfully considered to be among the most promising tools wielded in
the development of modern technology. Their most important properties include electrical
conductivity, mechanical strength and a high surface area. As a result, C-BNMs appear
to have potential applications in nanomedicine, either as adjuvants or scaffolds, and as
carriers of anticancer drugs [1–3]. Their ability to penetrate various barriers to enter the
human body and bind to various macromolecules has evoked a lot of interest in their
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medical applications. On the other hand, the same properties make them a potential
danger to human health [4–6].

An essential step in their toxicity/biocompatibility assessment is an evaluation of their
interaction with the immune system. Following their penetration of protective barriers,
peripheral immune cells are the first in line to interact with them. C-BNMs, predominantly
graphene oxide and carbon nanotubes (CNTs), have been extensively tested for their
potential to promote inflammation and cell death [4,6–10]. Recently, other graphene
derivates, such as graphene platelets (GPs), have garnered attention [11–14]. In contrast
to CNTs, pristine GPs seem to have lower or no immunopathological effects [11,12,15].
However, it is still necessary to attain advanced immunological data.

Although the most likely sites of exposure to C-BNMs are the pulmonary and gastro-
intestinal systems, some studies have pointed out the possibility of their translocation
and biodistribution to distant organs, such as the spleen or liver, via the peripheral blood
system [16–18]. Therefore, research that focuses on the interaction with blood components is
necessary to establish a full mosaic of the potential risks. Considering the use of C-BNMs in
medical applications, such research is even more essential [3,19,20]. As the nanomaterials
may enter the blood system, primary monocytes would be among the first cell types
exposed to them. This heterogeneous group of mononuclear phagocytes, along with their
differentiated progeny, dendritic cells and macrophages, play both regulatory and effector
roles in host defence. Key functions such as phagocytosis and immunomodulation most
likely determine the overall impact of the present nanomaterials [21]. Several studies have
already pointed to the role of C-BNMs in cytotoxicity [22,23]. However, the immune system
works as a highly dynamic system, which in real life balances reactions to more than one
stimulus by specific regulations. Thus, it is necessary to consider the possible effect of
immunomodulation, especially by those materials that seem to have no acute cytotoxic or
even pro/anti-inflammatory effects. Several studies have already suggested this potential
immunomodulatory effect, for example, the co-stimulation with iron and polystyrene
nanoparticles led to a decrease in the proinflammatory response to lipopolysaccharide
(LPS) [24,25]. On the other hand, the co-stimulation of CNTs and pristine graphene with
Toll-like receptor (TLR)4 and TLR2 agonists led to the increased release of proinflammatory
IL-6 and TNF-α from human mononuclear cells and mouse bone-derived macrophages,
respectively [26,27]. In our previous study, we confirmed inflammasome NLRP3’s canonical
activation by synergic exposition to GPs and muramyl dipeptide, even though GPs alone
did not induce any IL-1β release [11].

Until recently, studies have focused predominantly on the immunomodulative effect of
C-BNMs on macrophages of various origins or THP-1 monocytes [27–30]. However, there is
a significantly lower number of studies focused on the modulation of primary human blood
monocytes. As mentioned above, circulating monocytes represent a flexible population
that is rapidly recruited to sites of infection or tissue injury. Any immunomodulation or
even disruption of monocyte function would have a huge impact on inflammation and its
regulation at the infection site. Generally, monocytes are extremely sensitive to microbial
contamination due to their expression of TLRs, e.g., TLR4 or TLR2, which makes them a
suitable cell model for testing immunomodulatory effects. Therefore, we decided to examine
whether phagocyted pristine GPs and MWCNTs could modulate subsequent monocyte-
mediated phagocytosis and cytokine response towards representative whole bacteria.

2. Materials and Methods
2.1. Nanomaterials

C-BNMs used in this study included GP1 (PL-P-G750; PlasmaChem GmbH, Berlin,
Germany), GP2 (CRANN, Trinity College Dublin, Ireland) and MWCNTs (659258; Sigma-
Aldrich, St. Luis, MO, USA). Stock suspensions of both GPs at a concentration of 250 µg/mL
and MWCNTs at a concentration of 500 µg/mL were prepared using sonication in 0.02%
sodium cholate as previously described [11]. The average shape and size were assessed by
transmission electron microscopy (TEM, Philips 208 S Morgagni, FEI, Brno, Czech Republic)
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at an accelerating voltage of 80 kV and by scanning electron microscopy (SEM, Magellan
400L, FEI, Brno, Czech Republic). All C-BNMs used here have been characterized in detail
in our previous study [11]. Their basic characteristics are summarized in Table 1.

Table 1. Physical properties of GPs and MWCNTs [11].

Nanomaterial
Particle Size

(nm)
(Z-Average)

PdI
Particle Size

(nm)
(Diameter)

Particle Size
(nm)

(Length)

Average ζ-Potential
(mV)

(in full RPMI)

GP1 178.5 ± 103 0.188 −8.52
GP2 332 ± 85 0.293 −10.8

MWCNT 110~200 ≤10,000 −13.1

Biological Contamination

Possible contamination with biologically active TLR4 and TLR2 agonists was assessed
with reporter cell assays using HEK-Blue™-4 and HEK-Blue™-2 cells (InvivoGen, San
Diego, CA, USA) as they stably express human TLR4 and TLR2, respectively. The stimula-
tion of these receptors leads to the activation of a reporter gene for NF-kB-inducible secreted
embryonic alkaline phosphatase (SEAP). Released AP was detected in supernatants us-
ing QUANTI-Blue™ (InvivoGen, San Diego, CA, USA), a SEAP detection medium that
produces a purple/blue colour.

Both cell lines were maintained in Dulbecco’s modified Eagle’s high glucose medium
without phenol red (DMEM; Corning, NY, USA) supplemented with 10% heat inacti-
vated ultra-low endotoxin fetal bovine serum (FBSLE; Biosera, France), 2 mM L-alanyl-L-
glutamine (GlutaMAX; Life Technologies, Carlsbad, CA, USA), Normocin (100 µg/mL;
InvivoGen, San Diego, CA, USA) and selective antibiotics 250X HEK-Blue™ Selection
(InvivoGen, San Diego, CA, USA). Cells were seeded in flat-bottom 96-well plates at a
density of 5 × 104 cells per well and treated with non-cytotoxic levels of GPs (60 µg/mL)
and MWCNTs (30 µg/mL) for 24 h. Ultrapure LPS from Escherichia coli K12 (100 ng/mL)
and heat-killed Staphylococcus aureus (HKSA, 107 cells/mL) were used as controls. The
absorbance was measured in a Synergy HTX (Biotek, Bad Friedrichshall, Germany) mi-
croplate spectrophotometer at a wavelength of 630 nm. To prevent possible interference
with these assays, C-BNMs spiked with LPS (100 ng/mL) or HKSA (107 cells/mL) were
tested as well (see Supplementary Materials).

2.2. Monocyte Isolation and Culture

Peripheral blood samples were obtained from healthy volunteers after their informed
consent and approval by the Ethics Committee, University Hospital Hradec Kralove,
Sokolska 581, 500 05 Hradec Kralove (reference number 201902 S22P), Czech Republic.
Peripheral monocytes were isolated from whole blood according to the manufacturer’s
instructions. Following incubation with 50 µL/mL of RosetteSep™ Monocyte Enrichment
Cocktail (STEMCELL Technologies Inc., Vancouver, Canada), gradient density centrifu-
gation (1200× g, 20 min, RT) was performed using Histopaque®-1077 (Sigma-Aldrich,
St. Luis, MO, USA). The purity (~85%, Figure S2) of isolated monocytes was evaluated by
flow cytometry (Navios™, Beckman Coulter, Brea, CA, USA). A more detailed description
of their isolation and phenotyping is provided in the Supplementary Materials.

2.3. Monocyte Exposition to C-BNM

Freshly isolated monocytes were suspended in RPMI 1640 without phenol red (Corn-
ing, NY, USA) supplemented with 20% human autologous serum, 2 mM GlutaMAX and
Primocin™ (100 µg/mL, InvivoGen, San Diego, CA, USA) and seeded at 2 × 106/mL in a
96-well plate (0.1 mL) or 12-well plate (0.5 mL). Non-attached cells were carefully removed
1 h after seeding. Adhered monocytes were incubated at a final volume of 0.2 mL (96-well
plate) or 1 mL (12-well plate) with full RPMI medium (negative control) and either GPs
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(5–60 µg/mL) or MWCNTs (5–30 µg/mL). To verify the non-cytotoxic effect of the used
C-BNMs, monocytes were incubated for 24 h and 48 h. Viability was assessed by LDH
assay according to the manufacturer’s protocol. Absorbance was measured on a Synergy
HTX microplate spectrophotometer at 490 nm, with 690 nm set as the reference wavelength.
Further experiments were performed with 24 h exposure to non-cytotoxic concentrations
of GPs (60 µg/mL) or MWCNTs (30 µg/mL).

2.3.1. Oxidative Stress

Following 24 h exposure to C-BNMs, possible oxidative stress of monocytes was
evaluated by the glutathione (GSH) concentration of cell lysates using a glutathione col-
orimetric detection kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA). Cells
were collected and processed according to the manufacturer’s protocol. Absorbance was
measured in a Synergy HTX microplate spectrophotometer at 405 nm. To determine oxi-
dized glutathione (GSSG), lysates were treated with 2-vinilpyridine (2PVP; Sigma-Aldrich,
St. Luis, MO, USA) for 1 h at RT. The concentration of total GSH and GSSG was determined
according to the standard curves for GSH and GSSG, respectively. The concentration of
free GSH was calculated by subtracting the GSSG concentration values from the total GSH.

2.3.2. Intracellular Localization of C-BNM

Monocytes exposed to C-BNMs were collected and fixed in 3% glutaraldehyde. Sam-
ples were centrifuged, and the pellet was rinsed in Milonig buffer; post-fixed in 1% OsO4
solution in Milonig buffer; dehydrated in 50%, 70%, 90% and 100% ethanol; embedded in
Epon–Durcupan mixture (Epon 812 Serva, Heidelberg, Germany; Durcupan, ACM Fluka,
Buchs, Switzerland); and polymerized at 60 ◦C for 72 h. Ultrathin (60 nm) sections were cut
with glass knives on UC 7 ultramicrotome (UC 7, Leica, Vienna, Austria) and contrasted
with 2% uranyl acetate and 2% lead citrate. The obtained sections were examined using
TEM (Philips 208 S Morgagni, FEI, San Jose, CA, USA).

2.4. Monocyte Exposition to Bacteria

Following 24 h incubation with C-BNMs, cells were washed with RPMI 1640 to
remove unincorporated nanomaterials and were separately treated with heat-killed bacteria
Escherichia coli serotype 0111:B4 (HKEB), Staphylococcus aureus (HKSA) and Pseudomonas
aeruginosa (HKPA) (InvivoGen, San Diego, CA, USA) at a final concentration of 107 cells/mL
for a further 24 h. Cells cultivated only with bacteria without pre-treatment with C-BNMs
were used as a control. Viability was determined using LDH assay according to the
manufacturer’s protocol.

2.5. Cytokine Secretion
2.5.1. IL-6 and IL-10 Production

IL-6 and IL-10 in supernatants of monocytes exposed to C-BNM, bacteria and com-
bined treatments were detected by cell-based assays using human reporter cell line HEK-
Blue™ IL-6 cells and HEK-Blue™ IL-10 cells, respectively. Both cell lines were purchased
from Invivogen (San Diego, CA, USA). HEK-Blue™ cells were maintained in DMEM sup-
plemented with 10% FBSLE, 2 mM GlutaMAX, Normocin and selection antibiotics 250X
HEK-Blue™ Selection.

HEK-Blue™ IL-6 cells and HEK-Blue™ IL-10 cell lines are designed to specifically
respond to appropriate IL-6/IL-10. The binding of IL to its receptor IL-R on the surface of
HEK-Blue™ allows for the specific detection of bioactive cytokines via colorimetric assay
based on the enzyme activity of expressed reporter gene SEAP. SEAP was quantified using
QUANTI-Blue™, a SEAP detection medium, which turns blue in its presence. Absorbance
was measured using a microplate spectrophotometer at 630 nm wavelength.
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2.5.2. TNF-α Production

TNF-α in supernatants of monocytes exposed to C-BNM, bacteria and combined
treatments was detected using Human TNF-α Quantikine ELISA Kit (R&D Systems, Min-
neapolis, MN, USA) according to the manufacturer’s protocol.

2.6. Evaluation of Phagocytosis

Monocytes exposed to all C-BNMs for 24 h were washed with RPMI 1640 and treated
with pHrodo™ Red E. coli BioParticles™ (EC; Life Technologies, Carlsbad, CA, USA) at
a concentration of 200 µg/mL in cultivation medium. After 3 h of incubation at 37 ◦C,
cells were washed with a phosphate-buffered solution (PBS; Sigma-Aldrich, St. Luis, MO,
USA). As the pHrodo™ Red fluorescence increases as pH decreases from neutral to acidic,
incorporation of bacteria was observed using a holotomographical microscope Nanolive 3D
Cell Explorer-fluo with excitation/emission wavelengths of 560/585 nm with the software
STEVE version 1.6.3496 (Nanolive, Ecublens, Switzerland).

Analogously treated cells were washed with PBS containing 1 mM ethylenediamine
tetraacetic acid (EDTA), 1% bovine serum albumin (BSA), 2% FBS, and 0.1% sodium azide
(NaN3) (Sigma-Aldrich, St. Luis, MO, USA). Samples (30,000 events) were then acquired
on Flow cytometer Navios™ (Beckman Coulter, Brea, KA, USA) using a 488-nm argon-ion
laser and 620/30 FL3 channel. To exclude possible interference of autofluorescence of
C-BNMs, cells with C-BNMs but without EC were analysed as well.

2.7. Monocyte Differentiation to Macrophages

To investigate whether engulfed C-BNMs influence the differentiation of monocytes,
after 24 h incubation with C-BNM, cells were washed and incubated with RPMI 1640
without phenol red supplemented with 10% human autologous serum, 2 mM GlutaMAX
and Primocin™ for a further 6 days. On the seventh day, cells were examined under
optical microscope Nikone Eclipse Ts2 (Nikon, Osaka, Japan). Detached cells were washed
with PBS containing 1 mM EDTA, 1% bovine serum albumin (BSA), 2% FBS and 0.1%
sodium azide (NaN3) and stained with anti-CD64-PE (Beckman Coulter, Brea, KA, USA)
and anti-CD163-FITC (Becton Dickinson, Prague, Czech Republic). The fluorescent signals
of samples (60,000 events) were then acquired in 525/40 FL1 and 575/30 FL2 channel by
Flow cytometer Navios™ (Beckman Coulter, Brea, KA, USA) equipped with a 488-nm
argon-ion laser.

2.8. Statistical Analysis

Data are expressed as mean values (n-tests = 3) ± standard deviation and are normal-
ized to the control. Unless stated otherwise, based on the Shapiro–Wilk test of normality,
either the parametric or nonparametric analysis of variance (ANOVA) followed by Dun-
nett’s test or Kruskal–Wallis test was performed using GraphPad Prism™ software version
8.2.1 (GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Nanomaterials

Detailed characterisations of all used C-BNMs have been provided in our previous
study [11]. The basic characteristics of C-BNMs in stock solution are shown in Table 1.
Briefly, according to the average diameter and SEM images, both GP1 (Figure 1a) and
GP2 (Figure 1b) are heterogeneous in their shape, and they form smaller lump-like flakes
and large sheets, respectively. Figure 1c shows that MWCNTs up to 10 µm of length form
small clumps.

As shown in Figure 1d, none of the C-BNMs alone activated TLR4 or TLR2 in reporter
HEK-Blue™-4 or HEK-Blue™-2 cells, respectively. Both cell lines are highly sensitive
(0.01 EU/mL) to the presence of these agonists, which indicates the absence of biological
contamination. Moreover, neither GPs nor MWCNTs interfered with the TLR4-NFκB or
TLR2-NFκB signal pathways (Figure S1).
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Figure 1. Characterisation of C-BNM: (a) SEM image of GP1 forming small aggregates; (b) SEM
image of GP2 forming large sheets; (c) SEM detail of MWCNTs’ structure; (d) HEK-Blue™ cells
respond to C-BNMs. Data are presented as median with 95% CI. *** p < 0.001 highlights statistical
significance as compared to untreated control (DMEM).

3.2. Monocyte Exposition to C-BNM
3.2.1. Viability

Viability was evaluated after 24 h and 48 h of monocyte exposure to GP (5–60 µg/mL)
and MWCNT (5–30 µg/mL) using the lactate dehydrogenase (LDH) assay. Within these
concentration ranges, none of the C-BNMs induced significant cell membrane damage or
subsequent release of LDH into the cytoplasm (Figure 2a–c).

The results from the GSH assay have shown that 24 h of incubation with neither GP
nor MWCNT led to significant GSH and GSH/GSSG ratio changes (Figure 2d).

3.2.2. Intracellular Localization of C-BNM

TEM confirmed the engulfment of C-BNM by monocytes after 24 h of incubation
(Figure 3). As can be seen in Figure 3a–c, all C-BNMs were localised in the cytoplasm
and no particles were localized in the nucleus. GP1 formed large aggregates enclosed
in big endosomes (Figure 3a), whereas GP2 formed smaller aggregates more dispersed
within the cytoplasm (Figure 3b). Furthermore, MWCNTs were present mostly as free
particles throughout the cytoplasm, where they could possibly interact with multiple
organelles (Figure 3c). Individual nanotubes were observed penetrating through the
nucleus membrane, although without subsequent obvious cell damage (see Section 3.5.
Monocyte Differentiation to Macrophages). Under these conditions, monocytes were
subsequently exposed to bacterial treatment.
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3.3. Monocyte Exposition to Bacteria
3.3.1. Cytokine Production

The cytokine response of primary human monocytes was verified by the detection of
IL-6, IL-10 and TNF-α production. None of the C-BNM alone induced a significant release
of these cytokines after the initial 24-h exposition (Figure 4). These pre-treated monocytes,
along with the control monocytes (incubated only in full RPMI), were further exposed
to Gram-negative HKEB as a standard TLR4 and TLR2 agonist, HKPA as a TLR2 and
TLR5 agonist and Gram-positive HKSA as an exclusive TLR2 agonist for another 24 h. As
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expected, treatment with heat-killed bacteria (107 cells/mL) led to the production of IL-6, IL-
10 and TNF-α. However, the pre-exposure of monocytes to GP1 resulted in the significantly
increased secretion of these cytokines in response to all the used pathogens compared
to control monocytes (Figure 4a–c). Pre-exposure to MWCNT led to the significantly
increased release of IL-10 in response to all pathogens and increased production of IL-6
and TNF-α, predominantly in response to HKPA and HKSA, respectively. On the other
hand, pre-exposure to GP2 slightly increased only TNF-α and IL-10 secretion, with no
modulation of the IL-6 response to the studied pathogens compared to control monocytes.
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3.3.2. Viability

We also investigated the viability of treated monocytes using LDH assay. Treatment
of control monocytes with heat-killed bacteria led to increased release of LDH (~10%),
but monocytes that were pre-treated with C-BNMs preserved their viability without any
additional release of LDH (Figure 4d). To avoid false-negative results, we performed an
interference assay in which we compared lysates of cells previously treated with C-BNMs
to untreated cells. No interference was detected.

3.4. Evaluation of Phagocytosis

For the evaluation of the intracellular C-BNMs’ effect on the phagocytosis of primary
monocytes, we measured the phagocytosis activity using a pHrodo™ Red E. coli BioParti-
cles™ (EC). Figure 5 shows micrographs of isolated monocytes with internalised C-BNMs
and EC visualised by holotomographical microscopy with an epifluorescence module at
wavelengths corresponding to the excitation spectrum of pHrodo® dye. As the pHrodo®

dye fluorescence is observed only in acidic environments, only the EC present in phago-
somes are visible. After 3 h of incubation with EC, we observed active phagocytosis in the
untreated control and in cells with previously internalised GPs or MWCNTs. However,
the cell observation showed slight changes between the control and monocytes, especially
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for both GPs. In this case, cells were better attached and showed enhanced incorporation
of EC.
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To confirm these findings, we analysed all cells by flow cytometry. Viability of mea-
sured cells was about 98% as verified using propidium iodide (data not shown). As shown
in Figure 6, monocytes that previously engulfed C-BNMs phagocyted labelled EC parti-
cles at a higher percentage than the control. There was no difference between individual
C-BNMs. The results are summarised in Table 2. To avoid false positivity, we analysed
the autofluorescence of all C-BNMs. Neither of them interfered with the measurement
(Figure S3).

Table 2. Percentage of monocytes that phagocytosed EC after 3 h of exposure as measured by
flow cytometry.

Pre-Treatment Monocytes with EC
(%)

Monocytes without EC
(%)

Viability
(%)

Control 62–72 27–38 96–97
GP1 85–99 2–18 98–99
GP2 82–98 1–15 98–99

MWCNT 82–98 3–18 95–98
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1 
 

 

Figure 6. Representative flow cytometry images of phagocyted EC (200 µg/mL). Comparison of primary monocytes
pre-treated by (a) GP1, (b) GP2, (c) MWCNTs (blue) and control without C-BNMs pre-treatment (red).

3.5. Monocyte Differentiation to Macrophages

To investigate whether the intracellular presence of different C-BNMs modulate
spontaneous differentiation of monocytes to macrophages, after 24 h incubation with GPs
(60 µg/mL), MWCNTs (30 µg/mL) or with full RPMI only, cells were washed and incubated
with fresh medium for a further six days. On the seventh day, the cells were observed
under an optical microscope. Monocytes cultivated in RPMI only (Figure 7d) ended up
with a significantly reduced cell number compared with treated cells. These remained well
attached to the surface of the well-plate for the entire duration of differentiation. Cells
pre-treated with GP1 and MWCNTs (Figure 7a,c) were considerably larger, mostly with a
round shape, while cells pre-treated with GP2 mostly remained smaller (Figure 7b).
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To further investigate phenotype differences, we assessed the expression of CD64
and CD163 as markers of M1 and M2 macrophage polarization, respectively. To eliminate
macrophage autofluorescence, unstained samples were measured as well (Figure S4). All
monocyte differentiation resulted in positive expression of both markers; however, cells
pre-treated with GP1 had the highest expression rate, followed by cells pre-treated with
MWCNTs (Figure 7e). According to the results of co-expression of both CD64 and CD163,
there was no clear distinction between macrophage polarisation.

4. Discussion

The induction of inflammation is considered to be one of the principal mechanisms of
the cytotoxic effects of nanomaterials [31]. Unregulated inflammation leads to the disrup-
tion of homeostasis at the cellular and tissue levels. Therefore, evaluation of proinflamma-
tory potential is an essential step in studies dealing with the safety and biocompatibility of
nanomaterials. Many types of C-BNMs have been shown to have a capacity to induce acute
and chronic inflammation [10,32–35]. Despite the large quantity of available data, there are
still information gaps, notably in our knowledge of C-BNMs, which alone cause neither
acute cytotoxicity nor the release of proinflammatory cytokines. An example of such nano-
materials are GPs [12,36–39]. In our previous study, tested GPs caused neither cytotoxicity
nor the release of IL-1β through the activation of NLRP3 (Nod-like receptor family pyrin
domain containing 3) in a THP1-null model. On the other hand, the co-exposure of cells
to GPs and MDP led to a significantly stronger activation of NLRP3 in comparison to the
control, which was treated with MDP only [11]. These results indicate that C-BNMs can
modulate physiological cellular responses towards common antigen stimuli. Moreover, it
leads to the conclusion that “harmless” nanomaterials may boost the stimulus of adsorbed
PAMPs/DAMPs and therefore serve as a Trojan horse, a phenomenon underlining the
necessity to confirm the sterility of nanomaterials [40]. To avoid misinterpretation of im-
munological data, all nanomaterials should be tested for contamination by molecules of
biological origin, such as LPS having the character of PAMPs. It is a necessary step because
immune cells, notably monocytes, are extremely sensitive to endotoxin presence due to
their expression of high levels of TLRs [40,41].

Prior to our experiments, biological contamination had been evaluated using reporter
cell-based assays, which are sensitive to TLR4 agonists (LPS) and TLR2 agonists, respec-
tively (Figure 1d). The use of cell-based assays was preferred to the classical limulus
amoebocyte lysate (LAL) assay as the LAL assay had previously been reported to often
interfere with nanoparticles [42]. The inability of C-BNM to activate TLR4 and TLR2
also corresponded with the absence of proinflammatory responses after incubation with
primary monocytes (Figure 4). Pristine GPs or graphene flakes appear to have insignificant
immunogenic effects in general. Exposure to GPs initiated neither an inflammatory re-
sponse nor oxidative stress in a 3D human lung model [12]. Studies on mouse bone-derived
macrophages confirmed the absence of increased levels of TNF α, IL-6 and IL-1β [15]. The
pulmonary administration of GP in rat and mouse models resulted in minimal inflam-
mation, as well. On the other hand, these in vivo studies confirmed the presence of GPs
in cells for a long time [13,37,39]. Despite the lack of direct immunogenic effects, their
intracellular presence may modulate immune reaction towards different stimuli.

In this study, we have investigated the immunomodulatory effects on human primary
monocytes. One of the main effector functions of monocytes is to promote inflammation. As
previously stated, the leading mechanism of the proinflammatory effect of nanomaterials
is NLRP3 activation and the subsequent release of IL-1β [11,22,32,34,43,44]. On the other
hand, the release of IL-6, IL-10 and TNF-α, which is more typical of microbial stimulation,
represents a physiological response towards common antigens. These cytokines play a
vital role in the early stages of proinflammatory responses, cell signalling and mutual
regulation; for this reason, the dysregulation of their release could lead to uncontrolled
inflammation and damage of tissue [45]. The production of the abovementioned cytokines
is mediated via cell membrane- and endosome membrane-associated (intracellular) TLRs.
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As evolutionary conserved structures, TLRs are supposed to recognize the products of
various microbes. Therefore, cell stimulation by only one synthetic or purified ligand is
likely to provide a limited answer. To obtain complex data, we used whole bacteria in the
form of the Gram-negative HKEB (TLR4 and TLR2 agonist) and HKPA (TLR2 and TLR5
agonist) and the Gram-positive HKSA (TLR2 agonist), which mimic a more natural scenario.
As expected, monocyte exposure to these bacteria (107 cells/mL) led to proinflammatory
responses characterised by the release of IL-6, IL-10 and TNF-α (Figure 4). The same
concentrations of bacteria were used to test the immunomodulatory effects of C-BNMs.

Previous studies have confirmed that C-BNMs are quickly engulfed by macrophages
and primary monocytes [11,15]. The main mechanism of C-BNMs’ entry into cells was
found to be endocytosis, particularly phagocytosis [46]. Additionally, graphene microsheets
were observed to enter cells through spontaneous membrane penetration [47]. The same
mechanism was observed for nanodiamonds [32]. Subsequent intracellular distribution
is dependent on the specific cell type. In the case of phagocytic cells, such as the acti-
vated THP-1 model, GP are usually present, enclosed in endosomes [11]. Observation
of TEM pictographs suggests a similar situation for primary monocytes, especially when
GP1 aggregates appear to be enclosed in large vacuoles (Figure 3a). Several studies also
proved graphene occurrence in autophagosome-like vesicles [13,48,49]. Pristine CNTs are
usually dispersed in cytoplasm without specific adherence to intracellular organelles. This
corresponds with the finding of MWCNTs within monocytes (Figure 3c). Depending on
shape and size, CNTs are often linked with the concept of frustrated phagocytosis [33,50].
Considering the shape of MWCNTs, their intracellular distribution eventually leads to non-
specific intracellular damage. Unlike GP, several studies have already confirmed lysosome
disruption by CNTs, followed by cathepsin B release [11,22,35]. However, the viability of
monocytes exposed to MWCNT was not affected, which in general rejects the hypothesis
of cell homeostasis disruption (Figure 2c) [11].

Endocytosis and the subsequent distribution of MWCNTs and GPs did not cause any
acute cytotoxicity and inflammation. However, it should be considered that phagocytosis
is an active process that requires the complex reorganisation of intracellular compartments.
Necessary reorganisation of cytoskeleton and subsequent signalling may induce the sur-
vival and differentiation of cells [51,52]. It is possible that the incorporation of nanoparticles
serves as the initial signal leading to a signalling cascade that initiates differentiation even
without the presence of an immunogenic stimulus or growth factors. Current studies have
shown that monocytes previously exposed to non-cytotoxic concentrations of nanoparticles
or pathogens undergo epigenetic changes, which partially depend on signalling in the
mTOR pathway. This leads to switching into anaerobic glycolysis, which is related to
the higher survival rate of cells [53,54]. It correlates with our results, where all tested
C-BNMs promoted the survival of monocytes and their differentiation into macrophages
(Figure 7). Another possible mechanism could be an induction of autophagy, which has
been proven to have a significant role in monocyte differentiation and survival by blocking
caspase 3-dependent apoptosis [55]. Autophagy has already been mentioned as a possible
endpoint of graphene intracellular distribution [10,48,49]. Furthermore, this mechanism
is also essential in M1/M2 polarisation [56,57]. On the other hand, autophagy usually
results in supressing cytokine release, which we did not observe after the stimulation of
pre-exposed monocytes by bacteria (Figure 4a–c).

Increased differentiation of monocytes pre-exposed to C-BNM could also explain their
enhanced phagocytosis of EC, which we confirmed for all C-BNMs (Table 2). Differentia-
tion is a highly complex process that requires molecular signalling, which influences the
phagocytic activity of cells as well. In Figure 5, a slight difference in size between cells
pre-treated by C-BNMs and control is already visible, which possibly indicates the early
initiation of differentiation and subsequent enhanced phagocytosis (Table 2).

However, the increased levels of phagocytosis do not appear to be related to the pro-
duction of higher levels of cytokines (Figure 4a–c). Although the intracellular presence of
GP2 enhanced the phagocytic function of monocytes, there was only minimal modulation
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in proinflammatory response. Compared to that, monocytes pre-treated by GP1 produced
significantly higher levels of all tested cytokines in response to all bacteria (Figure 4). The
reason for modulation may lay in the intracellular stimulation of transcription factors,
which are responsible for monocyte/macrophage polarization towards M1/M2 subtypes
and partially correlates with the induction of autophagy [28,58]. Several studies also
revealed that C-BNM could increase the proinflammatory response by a mechanism on
the epigenetic level [29]. Lebre et al. found that pristine graphene flakes may program
bone-marrow-derived macrophages in advance of an enhanced inflammatory response
towards TLR agonists. They found that graphene flakes promoted the increased release of
IL-6 and TNF-α by a mechanism called innate immune training [27]. The main concept
includes a non-specific, augmented immune response to a secondary stimulus through
metabolic and epigenetic changes of innate immune cells [59]. Compared to that, the
prevailing release of anti-inflammatory cytokine IL-10 from monocytes pre-treated with
MWCNTs suggests the induction of tolerance (Figure 4c). It may indicate an autoregula-
tive mechanism since nanotubes alone may stimulate NLRP3 and IL-1β secretion [60,61].
Overstimulation or repetitive stimulation of primary monocytes could activate regulatory
mechanisms and subsequently silence inflammation, thus preventing the disruption of
homeostasis [62]. Additionally, it points to the preferred differentiation and polarization
into M2 macrophages. However, we were not able to clearly distinguish the M2 polari-
sation (Figure 7e). Generally, C-BNMs have previously been shown to initiate M1/M2
polarization in a THP-1 macrophage model [28]. Laverny et al. also evaluated alterations in
monocyte differentiation to dendritic cells by MWCNTs [26]. In any case, dissection of the
M1/M2 phenotype based on CD markers is difficult as macrophages are highly plastic cells
and the majority of CD markers co-exist in both populations [63]. As M1/M2 polarisation
was not the main subject of this study, further experiments are needed to address this issue.

In conclusion, there are various mechanisms involved in monocyte modulation by
GP1, GP2 and MWCNTs. The results of LDH assays, GSH/GSSG ratios (Figure 4) and PI
staining (Table 2) imply that the modulation observed in C-BNM-stimulated monocytes
was not mediated by cytotoxic effects. As all C-BNMs were prepared according to the
same sonication protocol, the critical distinguishing factors appear to be the size and
shape of the tested C-BNMs and their subsequent intracellular distribution. While GP1,
with significantly smaller lateral dimensions (Figure 1a), formed aggregates inside the
enormous endosomes (Figure 1a), GP2 was more scattered in the cytoplasm in small
vesicles (Figure 2b). Evidently, the engulfment and distribution of GP1 would require huge
cytoskeletal changes, which, as mentioned above, are strongly related to the modulation
of a variety of signalling pathways, including changes in transcriptional levels [51,52].
Large graphene microsheets were found to disrupt cytoskeletal organisation in murine
macrophages and in epithelial cells [47]. On the other hand, the effect could be indirect
due to the simple oppression of the cytoplasmic content and the excess reorganisation of
cytoskeletal fibres. It leads to the question whether the engulfment of GP influences the
migration ability of cells. Studies focused on graphene oxide sheets showed the inhibition
of the migration of A549 and HeLa cells by direct reaction with actin [64,65]. However,
the possible disruption of cytoskeletal fibres by GPs seems to caused be their mechanical
action [66].

5. Conclusions

The immunomodulatory effect of nanomaterials is a critical issue in the evaluation
of nanomaterial safety. This is especially urgent for acutely non-cytotoxic nanomaterials
and bio-resistant nanomaterials such as C-BNMs. Their persistence in organisms may,
among other things, interfere with classical defensive immunological functions, leading
to inappropriate immune responses towards common pathogens or disruption of their
activation and polarisation. To address these effects, we have used MWCNTs and two types
of GPs for pre-treatment of human primary blood monocytes, which were subsequently
exposed to bacterial stimuli. These primary cells possess high sensitivity and differentiation
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potential, which makes them an ideal ex vivo/in vitro model for testing both responsive-
ness towards various stimuli and differentiation/polarisation changes. We confirmed that
GP1 in particular, which alone caused no acute inflammation or cytotoxicity, increased
monocyte reactivity towards bacterial stimuli. We also demonstrated that both GP and
MWCNTs increased monocyte phagocytosis over a short time period and accelerated their
differentiation towards macrophages. According to our data, cytoskeletal alteration caused
by different incorporation of particles with a certain size and shape might be involved.
Further studies will follow, including the differentiation of monocytes into their progeny,
to expand our understanding of the mechanisms of interaction between C-BNMs and the
immune system.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/nano11102510/s1. Figure S1: Biological contamination—interference assessment;
Figure S2: Representative gating strategy for the identification of primary monocytes in isolate;
Figure S3: Flow cytometry images of autofluorescence of C-BNMs; Figure S4: Flow cytometry
analysis of macrophage phenotype.
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Krejsek, J.; et al. Application of advanced microscopic methods to study the interaction of carboxylated fluorescent nanodiamonds
with membrane structures in THP-1 cells: Activation of inflammasome NLRP3 as the result of lysosome destabilization. Mol.
Pharm. 2019, 16, 3441–3451. [CrossRef]

33. Brown, D.M.; Kinloch, I.A.; Bangert, U.; Windle, A.H.; Walter, D.M.; Walker, G.S.; Scotchford, C.A.; Donaldson, K.; Stone, V. An
in vitro study of the potential of carbon nanotubes and nanofibres to induce inflammatory mediators and frustrated phagocytosis.
Carbon 2007, 45, 1743–1756. [CrossRef]

34. Mukherjee, S.P.; Kostarelos, K.; Fadeel, B. Cytokine profiling of primary human macrophages exposed to endotoxin-free graphene
oxide: Size-independent NLRP3 inflammasome activation. Adv. Healthc. Mater. 2018, 7, 1700815. [CrossRef]

35. Sun, B.; Wang, X.; Ji, Z.; Wang, M.; Liao, Y.-P.; Chang, C.H.; Li, R.; Zhang, H.; Nel, A.E.; Xia, T. NADPH oxidase-dependent NLRP3
inflammasome activation and its important role in lung fibrosis by multiwalled carbon nanotubes. Small 2015, 11, 2087–2097.
[CrossRef]

36. Katsumiti, A.; Tomovska, R.; Cajaraville, M.P. Intracellular localization and toxicity of graphene oxide and reduced graphene
oxide nanoplatelets to mussel hemocytes in vitro. Aquat. Toxicol. 2017, 188, 138–147. [CrossRef] [PubMed]

37. Kim, J.K.; Shin, J.H.; Lee, J.S.; Hwang, J.H.; Lee, J.H.; Baek, J.E.; Kim, T.G.; Kim, B.W.; Kim, J.S.; Lee, G.H.; et al. 28-Day inhalation
toxicity of graphene nanoplatelets in Sprague-Dawley rats. Nanotoxicology 2016, 10, 891–901. [CrossRef] [PubMed]

38. Schinwald, A.; Murphy, F.; Askounis, A.; Koutsos, V.; Sefiane, K.; Donaldson, K.; Campbell, C.J. Minimal oxidation and
inflammogenicity of pristine graphene with residence in the lung. Nanotoxicology 2014, 8, 824–832. [CrossRef]

39. Schinwald, A.; Murphy, F.A.; Jones, A.; MacNee, W.; Donaldson, K. Graphene-based nanoplatelets: A new risk to the respiratory
system as a consequence of their unusual aerodynamic properties. ACS Nano 2012, 6, 736–746. [CrossRef]

40. Vallhov, H.; Qin, J.; Johansson, S.M.; Ahlborg, N.; Muhammed, M.A.; Scheynius, A.; Gabrielsson, S. The importance of an
endotoxin-free environment during the production of nanoparticles used in medical applications. Nano Lett. 2006, 6, 1682–1686.
[CrossRef]

41. Oostingh, G.J.; Casals, E.; Italiani, P.; Colognato, R.; Stritzinger, R.; Ponti, J.; Pfaller, T.; Kohl, Y.; Ooms, D.; Favilli, F.; et al.
Problems and challenges in the development and validation of human cell-based assays to determine nanoparticle-induced
immunomodulatory effects. Part. Fibre Toxicol. 2011, 8, 8. [CrossRef] [PubMed]

42. Smulders, S.; Kaiser, J.P.; Zuin, S.; Van Landuyt, K.L.; Golanski, L.; Vanoirbeek, J.; Wick, P.; Hoet, P.H. Contamination of
nanoparticles by endotoxin: Evaluation of different test methods. Part. Fibre Toxicol. 2012, 9, 41. [CrossRef] [PubMed]

43. Pellegrini, C.; Antonioli, L.; Lopez-Castejon, G.; Blandizzi, C.; Fornai, M. Canonical and non-canonical activation of NLRP3
inflammasome at the crossroad between immune tolerance and intestinal inflammation. Front. Immunol. 2017, 8, 36. [CrossRef]
[PubMed]

44. Sun, B.; Wang, X.; Ji, Z.; Li, R.; Xia, T. NLRP3 inflammasome activation induced by engineered nanomaterials. Small 2013,
9, 1595–1607. [CrossRef]

45. Yimin; Kohanawa, M. A regulatory effect of the balance between TNF-α and IL-6 in the granulomatous and inflammatory
response to Rhodococcus aurantiacus infection in mice. J. Immunol. 2006, 177, 642–650. [CrossRef] [PubMed]

46. Mukherjee, S.P.; Bottini, M.; Fadeel, B. Graphene and the Immune System: A romance of many dimensions. Front. Immunol. 2017,
8, 673. [CrossRef]

47. Li, Y.; Yuan, H.; von dem Bussche, A.; Creighton, M.; Hurt, R.H.; Kane, A.B.; Gao, H. Graphene microsheets enter cells through
spontaneous membrane penetration at edge asperities and corner sites. Proc. Natl. Acad. Sci. USA 2013, 110, 12295–12300.
[CrossRef]

48. Park, E.-J.; Lee, G.-H.; Han, B.S.; Lee, B.-S.; Lee, S.; Cho, M.-H.; Kim, J.-H.; Kim, D.-W. Toxic response of graphene nanoplatelets
in vivo and in vitro. Arch. Toxicol. 2015, 89, 1557–1568. [CrossRef]

49. Di Cristo, L.; Mc Carthy, S.; Paton, K.; Movia, D.; Prina-Mello, A. Interplay between oxidative stress and endoplasmic reticulum
stress mediated- autophagy in unfunctionalised few-layer graphene-exposed macrophages. 2D Mater. 2018, 5, 045033. [CrossRef]

50. Boyles, M.S.; Young, L.; Brown, D.M.; MacCalman, L.; Cowie, H.; Moisala, A.; Smail, F.; Smith, P.J.; Proudfoot, L.; Windle, A.H.; et al.
Multi-walled carbon nanotube induced frustrated phagocytosis, cytotoxicity and pro-inflammatory conditions in macrophages are
length dependent and greater than that of asbestos. Toxicol. Vitr. 2015, 29, 1513–1528. [CrossRef]

51. Moujaber, O.; Stochaj, U. The cytoskeleton as regulator of cell signaling pathways. Trends Biochem. Sci. 2020, 45, 96–107. [CrossRef]
52. Hohmann, T.; Dehghani, F. The cytoskeleton-a complex interacting meshwork. Cells 2019, 8, 362. [CrossRef] [PubMed]
53. Bekkering, S.; Blok, B.A.; Joosten, L.A.; Riksen, N.P.; van Crevel, R.; Netea, M.G. In vitro experimental model of trained innate

immunity in human primary monocytes. Clin. Vaccine Immunol. 2016, 23, 926–933. [CrossRef] [PubMed]
54. Cheng, S.C.; Quintin, J.; Cramer, R.A.; Shepardson, K.M.; Saeed, S.; Kumar, V.; Giamarellos-Bourboulis, E.J.; Martens, J.H.;

Rao, N.A.; Aghajanirefah, A.; et al. mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained immunity.
Science 2014, 345, 1250684. [CrossRef] [PubMed]

55. Zhang, Y.; Morgan, M.J.; Chen, K.; Choksi, S.; Liu, Z.G. Induction of autophagy is essential for monocyte-macrophage differentia-
tion. Blood 2012, 119, 2895–2905. [CrossRef] [PubMed]

56. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.; Ivashkiv, L.B.;
Lawrence, T.; et al. Macrophage activation and polarization: Nomenclature and experimental guidelines. Immunity 2014, 41, 14–20.
[CrossRef]

http://doi.org/10.1021/acs.molpharmaceut.9b00225
http://doi.org/10.1016/j.carbon.2007.05.011
http://doi.org/10.1002/adhm.201700815
http://doi.org/10.1002/smll.201402859
http://doi.org/10.1016/j.aquatox.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28521151
http://doi.org/10.3109/17435390.2015.1133865
http://www.ncbi.nlm.nih.gov/pubmed/26691980
http://doi.org/10.3109/17435390.2013.831502
http://doi.org/10.1021/nn204229f
http://doi.org/10.1021/nl060860z
http://doi.org/10.1186/1743-8977-8-8
http://www.ncbi.nlm.nih.gov/pubmed/21306632
http://doi.org/10.1186/1743-8977-9-41
http://www.ncbi.nlm.nih.gov/pubmed/23140310
http://doi.org/10.3389/fimmu.2017.00036
http://www.ncbi.nlm.nih.gov/pubmed/28179906
http://doi.org/10.1002/smll.201201962
http://doi.org/10.4049/jimmunol.177.1.642
http://www.ncbi.nlm.nih.gov/pubmed/16785562
http://doi.org/10.3389/fimmu.2017.00673
http://doi.org/10.1073/pnas.1222276110
http://doi.org/10.1007/s00204-014-1303-x
http://doi.org/10.1088/2053-1583/aadf45
http://doi.org/10.1016/j.tiv.2015.06.012
http://doi.org/10.1016/j.tibs.2019.11.003
http://doi.org/10.3390/cells8040362
http://www.ncbi.nlm.nih.gov/pubmed/31003495
http://doi.org/10.1128/CVI.00349-16
http://www.ncbi.nlm.nih.gov/pubmed/27733422
http://doi.org/10.1126/science.1250684
http://www.ncbi.nlm.nih.gov/pubmed/25258083
http://doi.org/10.1182/blood-2011-08-372383
http://www.ncbi.nlm.nih.gov/pubmed/22223827
http://doi.org/10.1016/j.immuni.2014.06.008


Nanomaterials 2021, 11, 2510 17 of 17

57. Perrotta, C.; Cattaneo, M.G.; Molteni, R.; De Palma, C. Autophagy in the regulation of tissue differentiation and homeostasis.
Front. Cell Dev. Biol. 2020, 8, 1563. [CrossRef] [PubMed]

58. Clarke, A.J.; Simon, A.K. Autophagy in the renewal, differentiation and homeostasis of immune cells. Nat. Rev. Immunol. 2019,
19, 170–183. [CrossRef] [PubMed]

59. Zhong, C.; Yang, X.; Feng, Y.; Yu, J. Trained immunity: An underlying driver of inflammatory atherosclerosis. Front. Immunol.
2020, 11, 284. [CrossRef]

60. Kobayashi, M.; Usui, F.; Karasawa, T.; Kawashima, A.; Kimura, H.; Mizushina, Y.; Shirasuna, K.; Mizukami, H.; Kasahara, T.;
Hasebe, N.; et al. NLRP3 deficiency reduces macrophage interleukin-10 production and enhances the susceptibility to doxorubicin-
induced cardiotoxicity. Sci. Rep. 2016, 6, 26489. [CrossRef]

61. Sun, Y.; Ma, J.; Li, D.; Li, P.; Zhou, X.; Li, Y.; He, Z.; Qin, L.; Liang, L.; Luo, X. Interleukin-10 inhibits interleukin-1β production
and inflammasome activation of microglia in epileptic seizures. J. Neuroinflamm. 2019, 16, 66. [CrossRef] [PubMed]

62. Butcher, S.K.; O’Carroll, C.E.; Wells, C.A.; Carmody, R.J. Toll-like receptors drive specific patterns of tolerance and training on
restimulation of macrophages. Front. Immunol. 2018, 9, 933. [CrossRef] [PubMed]
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