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Cytokine Profiling of Primary Human Macrophages
Exposed to Endotoxin-Free Graphene Oxide:
Size-Independent NLRP3 Inflammasome Activation
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Graphene-based materials including graphene oxide (GO) are envisioned for
a variety of biomedical applications. However, there are conflicting results
concerning the biocompatibility of these materials. Here, a question is raised
whether GO with small or large lateral dimensions triggers cytotoxicity and/
or cytokine responses in primary human monocyte-derived macrophages.
GO sheets produced under sterile conditions by a modified Hummers’
method are found to be taken up by macrophages without signs of cytotox-
icity. Then, multiplex arrays are used for profiling of proinflammatory and
anti-inflammatory responses. Notably, GO suppresses the lipopolysaccharide
(LPS)-triggered induction of several chemokines and cytokines, including the
anti-inflammatory cytokine, interleukin-10 (IL-10). No production of pro-
inflammatory TNF-«is observed. However, GO elicits caspase-dependent
IL-1 B expression, a hallmark of inflammasome activation, in LPS-primed
macrophages. Furthermore, GO-triggered IL-1 8 production requires NADPH
oxidase-generated reactive oxygen species and cellular uptake of GO and is
accompanied by cathepsin B release and K+ efflux. Using THP-1 knockdown
cells, a role for the inflammasome sensor, NLRP3, the adaptor protein, ASC,
and caspase-1 for GO-induced IL-18 secretion is demonstrated. Finally, these

various biomedical applications due to
its attractive physicochemical properties
including a large surface area, ease of
surface functionalization, and superior
colloidal stability in aqueous media when
compared to pristine graphene.>3! How-
ever, increasing production and use of
GBMs also necessitates careful scrutiny of
the impact of such materials on cells and
tissues. Understanding the interactions
of GBMs with the immune system is of
particular importance.! Phagocytic cells
of the innate immune system represent
the first line of cellular defense against
foreign intrusion (microorganisms, par-
ticles) and also clear cell debris, thus
playing an important role in tissue home-
ostasis. Macrophages are involved in the
initiation, propagation, and resolution of
inflammation.! A characteristic feature of
macrophages is their ability to respond to
environmental stimuli such as cytokines,

studies show that inflammasome activation is independent of the lateral
dimensions of the GO sheets. These studies provide novel insights regarding

the immunomodulatory properties of endotoxin-free GO.

1. Introduction

Graphene-based materials (GBMs) have attracted considerable
attention for various applications in science and technology.™!
Graphene oxide (GO), in particular, is being investigated for
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microbial products, and other modula-
tors; this dynamic process of macrophage
functional change is referred to as macro-
phage polarization.[! Hence, inflammatory
stimuli such as bacterial lipopolysaccha-
ride (LPS) and interferon-y (IFN-9) induce
an inflammatory phenotype that promotes T helper 1 (Thl)
effector responses and antimicrobial and tumoricidal prop-
erties. Macrophages with this phenotype are considered as
“classically activated” macrophages. By contrast, stimulation of
macrophages with Th2 cytokines such as interleukin-4 (IL-4)
or IL-13 leads to an “alternative” activation state, characterized
by decreased ability to produce proinflammatory cytokines and
increased phagocytic activity.l%! In addition, macrophages can be
re-educated by further changes in stimuli and this process is
called macrophage reprogramming. Mills et al. originally pro-
posed that the M1-M2 dichotomy was an intrinsic property of
macrophages associated with a transition from inflammation
to healing.”! However, recent studies have indicated that the
traditional M1-M2 model insufficiently describes macrophage
activation; it is also notable that many of the markers used for
murine macrophages have not translated to human macro-
phages.®l Indeed, it is erroneous to consider that there are
only two types of macrophages and one should instead view
M1 (classical) or M2 (alternative) activation states as two
extremes on a continuum of activation states.l’! Diversity and
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plasticity of phenotype and function are thus characteristic
features of macrophagesf® and functional skewing occurs under
physiological conditions and in pathology (e.g., allergic and
chronic inflammation, tissue repair, infection, and cancer).’)
In addition, recent studies have provided evidence that engi-
neered nanomaterials can perturb macrophage polarization,
thus affecting their function.'% It is also important to note that
the efficiency of uptake of nanoparticles differs between M1 and
M2 polarized macrophages. Jones et al.'!l found that mouse
strains that are prone to Th1 immune responses cleared nan-
oparticles at a slower rate than Th2-prone mice. Interestingly,
treating macrophages from Thl-prone mice with cytokines to
reprogram them into M2 macrophages increased the particle
uptake; conversely, treating macrophages from Th2-prone mice
with cytokines to differentiate them into M1 macrophages
decreased their particle uptake.l'!l The hematopoietic growth
factors, granulocyte macrophage colony-stimulating factor
(GM-CSF) and macrophage colony-stimulating factor (M-CSF)
are traditionally used to polarize macrophages into “M1”
(proinflammatory) or “M2” (anti-inflammatory) phenotypes,
respectively.”] In the present study, primary human monocyte-
derived macrophages were activated using M-CSF. Our pre-
vious studies showed that such cells readily engulfed nanosized
and micrometer-sized mesoporous silica particles as well as
silica-coated iron oxide nanoparticles.['213]

Tschopp and co-workers!!l published the first study on a
molecular platform required for the oligomerization and acti-
vation of the proinflammatory protease, caspase-1, which they
termed the inflammasome. Since then multiple distinct inflam-
masomes have been identified, and their assembly is governed by
unique pattern-recognition receptors, also called inflammasome
sensor molecules, in response to pathogen-associated molecular
patterns or endogenous danger signals in the cytosol of the host
cell.’™ Notably, the NLRP3 inflammasome also responds to par-
ticulate and crystalline matter including silica and aluminum
crystals, and asbestos,'1% and a variety of engineered nanoma-
terials including carbon nanotubes (CNT5).2% The oligomeriza-
tion of NLRP3 usually requires two signals: a priming signal
that results in the transcription of inflammasome components,
as well as pro-caspase-1, pro-IL-1f, and pro-IL-18; and a second
signal that mediates activation of the inflammasome, such as
membrane disruption, reactive oxygen species (ROS) generation,
etc.’” Inflammasome activation leads to the activation of pro-
caspase-1 to caspase-1, which then converts pro-ILB to IL-15.
Wang et al.?!l demonstrated IL-18 secretion in THP-1 cells
exposed to single-walled CNTs, graphene, and GO, but a specific
role for the NLRP3 inflammasome was not proven.

Previous studies have provided contrasting results on the
biocompatibility of GO toward immune-competent cells. Sasid-
haran et al.??l showed that GO was noncytotoxic for murine
macrophage-like RAW264.7 cells at doses up to 75 pg mL7,
while Ma et all?! reported that GO elicited size-dependent
cytotoxicity toward murine macrophage-like J774A.1 cells with
a progressive loss of cell viability starting at 20 ug mL™!. Orec-
chioni et al.? also noted a reduction in cell viability in human
peripheral blood mononuclear cells exposed to high doses
(75 ug mL™) of GO of different lateral dimensions. Using
human monocyte-like THP-1 cells, Wang et all?!l found that
GO was noncytotoxic at doses up to 100 pg mL™, as evidenced
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by using the lactate dehydrogenase (LDH) release assay,
while Cho et al.”®l reported a size- and dose-dependent cytotox-
icity of GO using the same assay, with a significant loss of cell
viability starting at 20 ug mL™!, both for single-layer and multi-
layer GO. Here we studied whether single-layer GO with small
(GO-S) or large (GO-L) lateral dimensions triggered cytotox-
icity and/or cytokine responses in primary human monocyte-
derived macrophages. GO samples were first tested for endotoxin
content. Macrophages were incubated in medium alone or sub-
jected to LPS priming prior to incubation with GO. We observed
that GO alone did not elicit proinflammatory effects in mac-
rophages, while pronounced, size-independent IL-1f3 secretion as
well as skewing of cytokine responses were noted in macrophages
upon LPS priming. These data show that GO can induce potent
immunomodulatory effects in primary human macrophages.

2. Results

2.1. GO is Noncytotoxic for Primary Human Macrophages

To assess whether the lateral size of GO plays a role for the inter-
action with macrophages, GO-S and large GO-L produced by a
modified Hummers' method were studied. The synthesis and
characterization of the samples investigated has been reported in
detail.?¥ Thus, small (50-300 nm) and large (10-40 pum) GO sam-
ples, one or two layers thick (1-2 nm) with a strongly negative sur-
face charge ({-potential, —55 mV) were produced. When these GO
samples were dispersed in cell culture medium, an agglomeration
was noted, and the {-potential appeared less negative, possibly
due to the presence of serum proteins, though both GO-S and
GO-L remained negatively charged (Figure S1, Supporting Infor-
mation). Previous studies on single-layer GO prepared by using
similar protocols were conducted using a lung cell line (A549)%")
or T cell (Jurkat) and monocyte-derived (THP-1) cell lines.?!l In
the present study, primary human monocytes differentiated into
macrophages using recombinant M-CSF were employed. We and
others have shown that such macrophages are more proficient in
uptake of silica and gold nanoparticles.?#?% We determined the
cell viability of human monocyte-derived macrophages (HMDM)
exposed to GO-S and GO-L for 24 h by using the Alamar Blue
assay which is based on resazurin, a nonfluorescent indicator dye
which is converted to red-fluorescent resorufin through reduc-
tion reactions of metabolically active cells. These experiments,
performed with cells from several different donors, indicated no
cell viability loss up to 75 pug mL™ (Figure S2, Supporting Infor-
mation). Based on these results, a noncytotoxic dose (50 ug mL™)
of GO-S and GO-L was selected for subsequent studies. Endo-
toxin contamination of the test material may produce artefacts,
which could skew the results, especially when studying effects
on immune-competent cells.’%) Therefore, we checked the GO
samples for endotoxin content using the tumor necrosis factor-or
(TNF-¢) expression test (TET).3! The assay showed a negligible
amount of TNF-o expression in HMDM exposed to GO-S and
GO-L, and the expression of TNF-a was not affected by poly-
myxin-b sulfate, indicating that these samples were endotoxin-free
(Figure S4A, Supporting Information). LPS (0.1 ug mL™) was
used as a positive control and TNF-o secretion was completely
blocked by polymyxin-b sulfate (10 x 1076 m).
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2.2. GO is Readily Internalized by Primary Macrophages

Previous studies using murine (J774.A1) or human (THP-1)
macrophage-like cell lines have suggested that small GO
sheets are readily taken up by cells while large GO showed
a stronger adsorption onto the plasma membrane with less
phagocytosis.[?¥l To study cellular interactions and/or uptake,
we performed transmission electron microscopy (TEM)
of HMDM exposed to 50 pg mL™! of GO-S or GO-L. GO-S
(Figure 1B) and GO-L (Figure 1C) were both internalized
without any ultrastructural signs of cell death. Unexposed
cells are shown in Figure 1A. At high magnification, both

www.advhealthmat.de

GO-S (Figure 1E) and GO-L (Figure 1F) are seen as neatly
folded “packages” inside the cell. In Figure 1E, the entry of
sheets of GO-S into the cell is also visualized. Similarly, in
Figure 1G, the entry of a “swarm” of micrometer-sized GO-L
into cells is visualized. Unexposed cells are shown at higher
magnification in Figure 1D, for comparison. Finally, at higher
magnification, representative examples of internalized GO-S
(Figure 1H) and GO-L (Figure 1I), respectively, in the cyto-
plasm are seen; no evidence of any gross disturbance of cell
morphology was noted. Moreover, upon examination of these
and numerous other images, no evidence of adsorption of
GO onto the plasma membrane was observed. These data

Figure 1. Primary human macrophages readily ingest GO. Human monocyte-derived macrophages activated with M-CSF were incubated with or
without GO-S and GO-L (50 ug mL™") for 3 h. TEM micrographs (scale bar: 2 um) show a) control cells, b) cells exposed to GO-S, c) cells exposed
to GO-L. Internalized GO can be seen in panel (b) and panel (c). Higher magnification micrographs (scale bar: 1 um) show d) control cells, €) cells
exposed to GO-S, f,g) cells exposed to GO-L. The asterisk in panel (e) indicates GO sheets that are undergoing internalization. The asterisk in panel
(g) shows a large aggregation of GO inside the cell while the image in panel (g) shows the presence of GO sheets at the plasma membrane of the cell
as well as GO internalized within the cell. The asterisk marks a mitochondrion, for comparison. Finally, at higher magnification (scale bar: 200 nm),
the micrographs in panels h) and i) show the structure of internalized GO-S and GO-L, respectively. There were no ultrastructural signs of cell death
in GO-exposed cells.
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clearly demonstrated that primary macrophages are capable of
ingesting GO and that this occurred independent of the lateral
dimensions of GO.

2.3. GO Exposure Skews Cytokine Responses in Macrophages
Next we performed multiplex analyses to investigate cytokine

and chemokine responses in HMDM exposed to GO-S or
GO-L. For these studies, HMDM were primed or not with LPS

(0.1 g mL™) in order to explore the effects of GO on resting/
quiescent and activated macrophages. HMDM with or without
LPS priming were thus exposed for 24 h to GO-S or GO-L at
50 ug mL™! and samples were analyzed using a 27-plex cytokine
panel including typical Thl and Th2 cytokines, chemokines,
and growth factors.?8] LPS (0.1 ug mL™1) was included as a pos-
itive control. Focusing first on the effects of GO alone, these
experiments showed that GO did not trigger the production of
the classical proinflammatory Thl cytokines, TNF-¢, IL-6, or
IL-1f in macrophages (Figures 2 and 3; Figure S3, Supporting
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Figure 2. GO is not proinflammatory per se, but skews cytokine secretion in LPS-primed macrophages. Human monocyte-derived macrophages acti-
vated with M-CSF and primed or not with LPS (100 ng mL™") for 2 h were incubated with or without GO-S and GO-L (50 ug mL™") for 24 h, at which
time the production of cytokines, chemokines, and growth factors was determined by using the Bio-Plex Human 27-Plex Cytokine Array (for additional
results, refer to Figure 3 and Figure S3, Supporting Information). Data shown are mean values = S.D. using cells isolated from three individual human
donors. ***P < 0.0001; **P < 0.01, *P < 0.05.
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Figure 3. GO (small and large) modulates IL-1f8 and IL-1RA secretion in macrophages. Human monocyte-derived macrophages activated with
M-CSF and primed or not with LPS (100 ng mL™") for 2 h were incubated with or without GO-S and GO-L (50 ug mL™") for 24 h, at which time the
production of IL-18 and IL-1RA was determined by multiplex array. Data shown are mean values + S.D. using cells from three individual human

donors. **P < 0.01, *P < 0.05.

Information). However, GO induced the production of proin-
flammatory IL-8/CXCLS8, an important chemotactic factor for
neutrophils, but not to the same degree as LPS (Figure S3,
Supporting Information). Furthermore, GO elicited a small,
yet statistically significant increase in the production of IL-17,
a proinflammatory cytokine with important roles in antibac-
terial and antifungal immunity, and IFN-y, an important Thl
cytokine which plays a key role in the defense against intracel-
lular parasites (Figure S3, Supporting Information).

With regard to typical Th2 cytokines, such as IL-4, IL-S5,
and IL-13, no effects were noted in cells exposed to GO alone
(i-e., in the absence of LPS priming) (Figure S3, Supporting Infor-
mation). Additionally, GO alone did not stimulate the production
of IL-10, an important Th2 cytokine with multiple, pleiotropic
immunomodulatory effects®? (Figure 2). However, GO trig-
gered a strong upregulation of IL-1 receptor antagonist (IL-1RA),
comparable to the effect of LPS (Figure 3). With respect to mac-
rophage production of chemokines, the response to GO was vari-
able. Hence, no effects were noted for RANTES (also known as
CCL5) or IP-10/CXCL10 (Figure 2) nor on MIP-1¢ (also known
as CCL3) (Figure S3, Supporting Information) while production
of MIP-1f (also known as CCL4) and MCP-1 (also known as
CCL2) was triggered by GO (Figure S3, Supporting Information).
GO showed no or only minor effects on macrophage produc-
tion of the growth factors, G-CSF, GM-CSF, vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), or platelet
derived growth factor (PDGF) in M2 polarized macrophages with
no LPS priming (Figure 2; Figure S3, Supporting Information).

By contrast, when looking at the effects of GO in LPS-acti-
vated macrophages, we noted a strong effect of GO on several
different cytokines, chemokines, and growth factors. Hence,
GO completely suppressed the production/secretion of IL-10
in LPS-primed cells (Figure 2). GO also completely blocked the
production of the two chemokines, RANTES (CCL5) and IP-10/
CXCL10 in LPS-primed macrophages (Figure 2). Further-
more, the production of VEGF was significantly reduced
while the production of G-CSF, a growth factor with multiple
immunomodulatory effects, was significantly increased in
LPS-primed cells exposed to GO (Figure 2). GO also induced
a small, yet statistically significant reduction in TNF-¢ in LPS-
activated cells. The effects of GO in LPS-activated cells could
not be explained by a general inhibition of LPS signaling since
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several other cytokines, chemokines, and growth factors were
unaffected (Figure S3, Supporting Information). Finally, we
noted that cells exposed to GO alone expressed low levels of
IL-1f and high levels of IL-1RA, while the opposite trend was
observed in LPS-activated cells, i.e., IL-1 was increased and
IL-1RA levels were reduced (Figure 3). Overall, based on this
comprehensive analysis, no evidence for lateral dimension-
dependent effects of GO was noted. Thus, the identical effects
(or lack of effects) were seen for GO-S and GO-L in this model.

2.4. GO and LPS Effects on Cytokine Production are Distinct

To further analyze the macrophage responses to GO, we per-
formed hierarchical clustering analysis to draw association
dendrograms between cytokine responses evidenced for GO-S,
GO-L, and LPS versus control in HMDM primed or not with LPS
(Figure 4). Interestingly, distinct differences were observed with
respect to the cytokine—chemokine expression patterns elicited
by LPS versus GO in nonprimed cells. Moreover, in LPS-primed
cells, LPS and GO also produced distinct expression patterns.
Thus, this analysis of the cytokine profiling results has clearly
demonstrated that the effects of endotoxin-free GO are different
from the effects of LPS. The clustering analysis also suggested
that the cytokines could be broadly separated into two clusters:
those that were affected by LPS and those affected by GO in cells
that were first primed with LPS (Figure 4).

2.5. GO-Induced IL-1 8 Secretion is Caspase-Dependent

The cytokine profiling experiments showed that GO triggered
IL-1B production in LPS-primed cells. To further investigate
IL-1pB signaling in this model, we studied IL-18 production
in HMDM with or without LPS priming by using a specific
enzyme-linked immunosorbent assay (ELISA). Inflamma-
some-dependent IL-18 production requires caspase-1 activa-
tion while caspase-8 was reported to play an auxiliary role.3
Therefore, HMDM were preincubated with inhibitors of cas-
pase-1 and -8, or a pan-caspase inhibitor. As shown in Figure
5A, preincubation of HMDM with the pan-caspase inhib-
itor, zZVAD-FMK reduced GO-triggered IL-1f production to
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Figure 4. GO and LPS induce distinct effects on cytokine production. The heatmap shows the
hierarchical clustering analysis of cytokine, chemokine, and growth factor secretion by human
monocyte-derived macrophages following exposure to LPS (0.1 ug mL™") versus GO-S and
GO-L (50 ug mL™") for 24 h. Macrophages were naive or primed with 0.1 g mL™" LPS for 2 h
prior to exposure. Each branch in the dendrogram at the top of the heatmap shows the simi-
larity between samples; the shorter the branch, the more similar the samples.

background levels. LPS-induced IL-1B production was also
blocked, as expected. The caspase-1 inhibitor, Z-YVAD-FMK
significantly reduced GO-induced IL-1f production while the
caspase-8 inhibitor, Z-IETD-FMK was found to be as effec-
tive as zZVAD-FMK. Overall, we observed that the induction of
IL-1P secretion and the effects of the caspase inhibitors on
IL-1B secretion were identical for both GO-S and GO-L, con-
firming the cytokine profiling results and suggesting that there
were no size-dependent effects.

2.6. GO Triggers Lysosomal Cathepsin B Release and K* Efflux

Previous work has shown that lysosomal release of cathepsin B
is required for inflaimmasome activation in cells exposed
to CNTs and hollow carbon spheres.[?*3°] Cathepsin B release
was also noted in THP-1 cells exposed to GO.! To assess
the possible involvement of lysosomal events in primary
macrophages, we used the cathepsin B substrate, Magic Red
to study lysosomal integrity and cathepsin B release in LPS-
primed HMDM exposed to GO-S and GO-L. The results
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suggested significant, time-dependent release
of cathepsin B upon GO-S and GO-L expo-
sure (Figure 5B). The kinetics appeared to
be different for GO-S and GO-L insofar as
GO-S triggered a more pronounced release
of cathepsin B at 6 h that appeared to pla-
teau at 24 h, while GO-L-induced release of
cathepsin B was lower at 6 h when compared
to GO-S, but higher than GO-S at 24 h. LPS
was included as a positive control. K* efflux
was reported as a common feature of inflam-
masome activation by bacterial toxins and

LPS

LPS priming control

co-s particulate matter (i.e., silica, aluminum,
or calcium pyrophosphate crystals).’®) We
found that both GO-S and GO-L triggered
- a reduction in intracellular K* in HMDM
at 24 h (Figure 5C). The microbial toxin,
— nigericin, was used as a positive control.

Taken together, these results further sup-
ported a role for inflammasome activation by

L8 prlirinos . GO in LPS-primed macrophages.

LPS priming+GoL  2+7 GO-Induced IL-1 8 Secretion Requires
Cellular Uptake

TEM clearly showed that HMDM are
capable of internalizing both GO-S and
GO-L (Figure 1). To determine whether cel-
lular uptake is required for IL-1f3 production,
LPS-activated cells were preincubated with
cytochalasin D, an inhibitor of actin polym-
erization, and then exposed to GO for 24 h.
As shown in Figure 6A, IL-1 secretion was
almost completely blocked when cellular
uptake of GO-S and GO-L was blocked by
cytochalasin D. Because previous work has
implicated Toll-like receptor (TLR) sign-
aling in macrophages exposed to GOP”l we also asked whether
GO-S or GO-L could activate TLR2 or TLR4 using HEK293
cells cotransfected with human TLR2/4 and secreted embry-
onic alkaline phosphatase (SEAP). LPS, a TLR ligand, strongly
activated TRL2 and TLR4. However, no activation was seen
in cells exposed to GO-S or GO-L (Figure S4B, Supporting
Information). Next we asked whether exposure of LPS-primed
HMDM to GO would trigger ROS production. To this end,
intracellular ROS generation was measured using 2’,7’-dichlo-
rodihydrofluorescein diacetate (H2DCFDA). Time-dependent
ROS production was noted in cells exposed to GO-S and GO-L
(Figure 6B). Hydrogen peroxide was included as a positive
control. Phagocytosis of pathogens is coupled to activation of
the NADPH oxidase, a membrane-bound enzyme complex
that produces superoxide. Sun et al.’¥l demonstrated that the
NADPH oxidase is required for inflammasome activation in
cells exposed to multiwalled CNTs. We tested whether NADPH
oxidase is required for GO-triggered IL-1f production. Indeed,
IL-1B secretion in LPS-primed HMDM exposed to GO-S and
GO-L was completely inhibited by diphenyleneiodonium (DPI)
(Figure 6C). Taken together, these results support a model of
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Figure 5. GO triggers caspase-dependent IL-1J3 secretion in LPS-primed macrophages. a) Human monocyte-derived macrophages, primed or not with
LPS (100 ng mL™") for 2 h prior to exposure, were incubated with or without GO-S and GO-L (50 g mL™") for 24 h and IL-1f3 secretion was determined
by using a specific ELISA. Cells were preincubated with a caspase-1 inhibitor (Z-YVAD-FMK, 10 x 107® m), caspase-8 inhibitor (Z-IETD-FMK, 20 x 107° m),
or the pan-caspase inhibitor, ZVAD-FMK (20 x 107 m) as indicated. b) Lysosomal release of cathepsin B was determined in cells incubated with LPS
(0.1 ug mL™") versus GO-S and GO-L (50 ug mL™") for the indicated time-points by using the Magic Red assay. c) Intracellular K+ ion (K+)
concentrations were determined by using the K+ sensitive dye, PBFI-AM, in LPS-primed macrophages following exposure to GO-S and GO-L (50 ug mL™)
for 24 h. Nigericin (15 X 107® m) was used as a positive control. Data shown are mean values + S.D. using cells from three individual human donors.

%P < 0.0001; **P < 0.01, *P < 0.05.

macrophage internalization of GO followed by NADPH oxidase
activation and ROS production.

2.8. GO Triggers Canonical Inflammasome Activation

The nucleotide-binding and oligomerization domain (NOD)-like
receptor, NLRP3, its adaptor apoptosis-associated speck-like pro-
tein containing a CARD (ASC), and the effector enzyme, caspase-1,
are critical components of the NLRP3 inflammasome complex.'’!
Therefore, we next investigated whether GO-S and GO-L specifi-
cally required the NLRP3—-ASC—caspase-1 platform for IL-1f3 pro-
duction. To this end, we compared the effects of GO in THP-1 cells
with stable knockdown of NLRP3 (def-NLRP3), ASC (def-ASC),
or caspase-1 (def-CASP1) versus THP-1 wild-type cells (Null-1).
As shown before in primary human macrophages, GO-S
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and GO-L did not trigger any IL-1f3 production in nonprimed cells
(Figure 7A). By contrast, in LPS-primed THP-1 cells, both GO-S
and GO-L triggered IL-1f. Moreover, the level of IL-1f3 secretion
in Null-1 cells was identical for both small and large GO. Notably,
IL-1B secretion was completely abolished in cells deficient for
NLRP3, ASC, and caspase-1 (Figure 7B). The LPS-triggered
release of IL-1f3 was also blocked in these cells.

3. Discussion

Macrophages play crucial roles in host defense, inflammation,
and tissue homeostasis. Macrophages can undergo func-
tional changes in response to their microenvironment and
this dynamic process is defined as macrophage polarization.[®!
In the present study, we have demonstrated that endotoxin-free
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Figure 6. GO-triggered IL-1J secretion is ROS-dependent and requires phagocytosis of GO. a) LPS-primed human monocyte-derived macrophages
were incubated with LPS (0.1 ug mL™") or GO-S and GO-L (50 ug mL™") for 24 h and IL-1f3 secretion was determined by using a specific ELISA.
Preincubation of the cells with cytochalasin D (10 x 107 ) significantly suppressed IL-18 secretion, as determined by using a specific ELISA. b) ROS
production determined by using the H2DCFDA assay showed a time-dependent increase in ROS generation in LPS-primed macrophages exposed to GO-S
and GO-L (50 pg mL™"). Hydrogen peroxide (100 x 107® m) was included as a positive control. ¢) Macrophages (naive or primed with 0.1 ug mL™" LPS for
2 h prior to exposure) were incubated with LPS (0.1 pug mL™") versus GO-S or GO-L (50 ug mL™") and the production of IL-13 was determined by using
a specific ELISA. Preincubation with the NADPH oxidase inhibitor, DPI (10 X 107® m) completely blocked LPS- and GO-triggered IL-1§3 production. Data
shown are mean values £ S.D. using cells derived from three individual human donors. ***P < 0.0001; **P < 0.01, *P < 0.05.

GO of differing lateral dimensions is noncytotoxic toward human monocyte-derived macrophages, Fuchs et al.l*!l recently
primary human macrophages; we also documented significant  reported that both cationic and anionic surface functionalized
immunomodulatory effects of GO and could show that GO trig-  polystyrene nanoparticles skewed the M2 macrophage polari-
gers inflammasome activation in LPS-primed macrophages.  zation (suppression of IL-10) without affecting M1 markers
Several previous studies have shown that nanoparticles can  (TNF-¢, IL-1pB). It has also been suggested that GO could
perturb the polarization of macrophages, thereby affecting  induce M1 macrophage polarization, using human THP-1 cells
their function. Lucarelli et al.’% showed that the basal and  and murine J774.A1 cells as a model, with size-dependent pro-
LPS-induced production of cytokines is subject to modulation  duction of the proinflammatory cytokines, TNF-o and IL-6, and
in macrophage-differentiated U937 cells exposed to nanopar-  dose-dependent induction of cell death.?3! Furthermore, TLR
ticles. For instance, SiO, nanoparticles were found to selec-  signaling was invoked to account for the effects of GO.I”) How-
tively induce the production of IL-1f and TNF-¢ in naive cells  ever, in the present study, we did not observe any induction
and amplified the inflammatory phenotype of LPS-polarized  of proinflammatory cytokines (TNF-¢;, IL-1f3, IL-6) in primary
cells.?%! Using primary murine bone marrow-derived mac- human monocyte-derived macrophages exposed to GO, nor
rophages, Kodali et al.l*% found that superparamagnetic iron  did we observe any cell death. Using specific reporter cell lines,
oxide nanoparticles caused a transcriptional reprogramming we could not find any evidence for TLR activation by small
of macrophages leading to a phenotype characterized by an  or large GO sheets. On the other hand, GO-S and GO-L were
impaired ability to transition from M1 to M2, with suppressed  found to skew cytokine responses in LPS-primed macrophages
IL-10 induction, enhanced TNF-¢ production, and diminished  in as much as GO suppressed the LPS-triggered secretion of
phagocytic activity toward bacteria. Furthermore, using primary  the important anti-inflammatory cytokine, IL-10, as well as the
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Figure 7. GO (small and large) triggers canonical NLRP3 inflammasome activation. IL-13 expression was measured in a) nonprimed and b) LPS-
primed (2 h) THP-1 wild-type (Null-1) or knockdown cells (ASC-deficient, NLRP3-deficient, or caspase-1-deficient), after exposure to GO-S and GO-L
(50 ug mL™") for 24 h. GO-S and GO-L induced IL-1J secretion in this model, but only after LPS priming, and IL-18 production was dependent on

ACS, NLRP3, and caspase-1.

production of several other cytokines, chemokines, and growth
factors. We also noted that GO triggered the production of high
levels of IL-1RA and low levels of IL-1f in naive macrophages,
while in LPS-primed macrophages, IL-18 was increased and
IL-1RA levels were reduced in the presence of GO. Moreover,
hierarchical clustering analysis of the cytokine profiling results
clearly demonstrated that the effects of GO were distinct from
the effects of LPS in this cell model. Human primary mono-
cytes were suggested as reliable models for investigating the
effects of engineered nanomaterials on human innate immune
responses.[*? In addition, it is of utmost importance to control
for potential endotoxin contamination in studies of GBMs,B!
in order to guide the data interpretation, in particular when
assessing cytokine responses and/or signaling via pattern
recognition receptors such as TLRs.

Indeed, while previous studies have suggested that the lateral
dimensions play an important role for the cellular responses to
GO,12%2 it is important to consider not only the physicochem-
ical properties of the test material but also the choice of cell
model. Numerous studies on GO were conducted using com-
monly used cell lines of human or murine origin, such as the
lung cell lines, A549%743 and BEAS-2B,?'*3] or the monocyte-
macrophage-like cell lines, THP-1,21242] [774A.1,12337] and
RAW264.7,2237] and the results may not be directly applicable
to primary cells although such studies are useful for screening
purposes and/or for mechanistic studies. In the present study,
we found that both GO-S and GO-L were noncytotoxic for pri-
mary human monocyte-derived macrophages at concentrations
up to 75 pug mL7L In fact, we found that cellular metabolism
of the indicator dye, resazurin, was enhanced in cells exposed
to GO when compared to untreated controls. It is pertinent
to note that previous studies in which cells were grown on
GO-coated surfaces have revealed that GO enhances the attach-
ment and proliferation of various cancer cell lines.***] In a
previous study using primary human monocyte-derived mac-
rophages and primary murine peritoneal macrophages, GO
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sheets were shown to have a tendency to interact with the
plasma membrane, especially of the murine macrophages,
and seemed to orient themselves parallel to the cell surface
(so-called “masking” effect).[**I The authors hypothesized that this
contact between GO sheets and the cell membrane could pro-
mote their internalization, or isolate or encase the cells, thereby
accounting for the subsequent cellular responses including
loss of cell viability and cytokine secretion.l Interestingly, the
proinflammatory cytokines, TNF-¢¢ and IL-1f3, were secreted
by murine macrophages, but not by human macrophages, in
response to GO.[*0! Using macrophage-differentiated THP-1
cells as a model, Cho et al.[?’ observed dose-dependent cytotox-
icity in response to single-layer GO and could show that cell
death was dependent on phagocytosis. In the present study,
GO-S and GO-L were both internalized by primary human
macrophages without signs of cell death and we did not observe
any “masking” of the cell membrane. It is important to note
that macrophages are professional phagocytes specialized in
engulfing dying cells and cell debris.*”l Moreover, we have pre-
viously shown that M-CSF-activated human macrophages are
highly efficient in ingesting small and large silica particles?®!
and others have recently reported that M2-polarized monocyte-
derived macrophages are more prone to engulf gold nanoparti-
cles.l?l Hence, the cell model used here is highly proficient for
phagocytosis and this could serve to explain the efficient uptake
of small and large GO.

We observed that GO-S and GO-L both triggered the pro-
duction of IL-17 and IFN-y in macrophages, comparable to the
effect of LPS on these cells, while TNF-¢, an important proin-
flammatory cytokine, was not triggered by GO. In fact, LPS-
induced TNF-o production in macrophages was reduced by
GO. By contrast, Orecchioni et al.? reported that GO triggered
TNF-¢, IL-18, and IL-10 secretion in peripheral blood mononu-
clear cells (PBMC) while IFN-ywas not affected. The same dose
of GO (50 ug mL™!) was used in both the latter study and the
present study, and the discordant results serve to underscore
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the importance of carefully considering the cell model, i.e., pri-
mary human monocyte-derived macrophages, with or without
LPS priming, versus primary human PBMC, a pool of immune
cells that includes both T cells, B cells, monocytes, dendritic
cells (DC), and natural killer cells.?l Notably, while IL-17
and IFN-y play key roles in host defense against pathogens,
both cytokines have also been implicated in autoimmune dis-
eases.[***] One may speculate whether internalized GO sheets
are sensed as intracellular parasites by macrophages, leading
to IFN-y secretion. IL-10, in turn, plays an important role in
regulating IFN-y secretion, thereby helping to curtail exces-
sive immune responses that could lead to tissue damage and
disease.”” Interestingly, our data showed that GO-S and GO-L
potently suppressed bacterial LPS-induced secretion of IL-10
in macrophages. IL-10 is an essential immunomodulatory
cytokine with multiple, pleiotropic effects and it is produced
by almost all types of cells in the innate and adaptive immune
system.3? TL-10 was originally described as an important nega-
tive regulator of immune responses to microbial antigens,
preventing damage to the host. Loss of IL-10 leads to inflamma-
tory diseases, most notably the development of inflammatory
bowel disease.P! In addition to its “classical” anti-inflammatory
properties, IL-10 also induces several essential mechanisms for
effective antitumor immune surveillance.P?>4 Thus, effects
of GO on IL-10 production could have implications not only
for host defense against pathogens, but could potentially also
play a role in modulating immune surveillance against tumors.
Further investigations on the regulation of IL-10 expression in
immune cells exposed to GO are warranted and studies to eval-
uate a potential role of GO in regulating antitumor responses
may also be of interest.

GO-S and GO-L also elicited effects on some chemokines
(MCP-1/CCL2, MIP-1B/CCL4), but not on others (MIP-lo/
CCL3, RANTES/CCLS, IP-10/CXCL10). GO-S and GO-L also
abolished the production of RANTES/CCLS and IP-10/CXCL10
in LPS-primed macrophages. Furthermore, we recently per-
formed transcriptomics profiling of macrophages and could
find no evidence of upregulation of chemokine-encoding
genes in GO-exposed cells while single-walled CNTs triggered
the expression of multiple different chemokines (Mukherjee
et al., submitted for publication). It is worth noting that in a
recent in vivo study, the expression of MCP-1 and MIP-1j, but
not MIP-1¢, was increased in the peritoneal exudate of mice
following intraperitoneal injection of GO, with a concomitant
increase in the level of infiltrating monocytes and a decrease in
the number of macrophages.*® In another very recent study,
intravenous injection of GO triggered the expression of MCP-1
in the lungs and kidneys of exposed mice at 24 h, but not at
10 d after injection.””! The current study using human monocyte-
derived macrophages as a model is not directly comparable
to the latter animal models, but the combined in vitro and in
vivo results nevertheless suggest a similar response to GO with
respect to chemokines.

Previous studies have shown that various carbon-based nano-
materials are capable of triggering caspase-1-dependent IL-18
secretion in macrophages.?3+3>56 The transcription of pro-
IL-1f is activated upon TLR stimulation, for example, by bac-
terial LPS, and LPS is often used to activate NFkB-mediated
transcription in vitro when assessing NLRP3 inflammasome
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activation by exogenous substances.!”] Palomiki et al.?* showed
that multiwalled CNTs triggered IL-18 secretion only in LPS-
primed, but not in naive primary human macrophages. Fur-
thermore, these authors could show that NLRP3 was essential
for CNT- and asbestos-induced IL-1f secretion. In addition, we
recently demonstrated that hollow carbon spheres triggered
caspase-1-dependent IL-1f3 secretion in primary human mac-
rophages and found that cellular uptake was required for IL-1J3
secretion.’ Similarly, classical caspase-1-dependent inflamma-
some activation by silica and aluminum salt crystals was shown
to require phagocytosis of the crystals, subsequently leading
to lysosomal damage and cathepsin B release.'”] On the other
hand, caspase-8 was shown to be involved in noncanonical
fungal pathogen-triggered inflammasome activation occurring
independently of internalization of the pathogen.’”! Sun et al.’®
reported that the NADPH oxidase is required for inflamma-
some activation in cells exposed to multiwalled CNTs, and pro-
vided evidence for a role of the NADPH oxidase for IL-1f3 pro-
duction in vivo using p47PP**.deficient mice. In the present
study, we found that GO-S and GO-L both triggered IL-18 secre-
tion in LPS-primed primary human macrophages, but not in
the absence of LPS priming, and we could demonstrate a role
for caspase-1 as well as caspase-8. In addition, we could show
that cellular uptake and NADPH oxidase-generated ROS was
required for IL-1f secretion. Cho et all®! reported that I1-1J3
production in THP-1 cells exposed to GO was influenced by
phagocytosis in a size-dependent manner, but a specific role
for the inflimmasome was not demonstrated. Furthermore,
we noted that GO-induced IL-1 secretion was accompa-
nied by lysosomal cathepsin B release and K+ efflux. As
mentioned already, K* efflux is a common feature of inflamma-
some activation by bacterial toxins and particulate matter (i.e.,
silica, aluminum, or calcium pyrophosphate crystals).’®) Wang
et all?!! also documented the lysosomal release of cathepsin B in
THP-1 cells exposed to single-walled CNTs, graphene, and GO.
Using knockdown cells, we could confirm a role for the inflamma-
some sensor, NLRP3, the adaptor protein, ASC, and the caspase-1
protease for GO-induced IL-1f secretion, thus demonstrating that
GO triggers canonical NLRP3 inflammasome activation.
Previous studies have identified the NLRP3 inflamma-
some as a crucial element in the adjuvant effect of aluminum
adjuvants, the most commonly used adjuvants in human
vaccines.'”*8] Engineered nanomaterials are envisioned as
elements of the next generation of vaccines, adjuvants, and
immunomodulatory drugs.”” The current observation that GO
triggers inflammasome activation in activated macrophages,
in the absence of cell death, may suggest that GO could act
not only as an antigen carrier, but also as an adjuvant, thereby
boosting the immune response. Indeed, very recent studies
have reported that surface-modified GO may be deployed as
a highly effective antigen carrier for immunomodulation in
vivo.l%061 Thus, while the present study was conducted in vitro
using isolated human macrophages, and concentrations of GO
(50 ug mL™!) that are likely in excess of the concentrations that
may be achieved in vivo, the findings could nevertheless have
implications for the potential use of GO in the clinical setting,
and serve to shed light on the mechanisms underlying innate
immune responses to GO. Further studies on other antigen-
presenting cells including DCsl®? may be of great interest.
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Finally, it is interesting to note that the only difference in
the present study between GO-S and GO-L was the fact that
GO-S triggered a more rapid cathepsin B release from the lyso-
somal compartment when compared to GO-L. Similarly, Wang
et al.2!! found that GO can cause the release of cathepsin B in
THP-1 cells, but the actual mechanism of lysosomal damage
is not known. GO can be viewed essentially as a network of
hydrophobic “islands” of unoxidized benzene rings surrounded
by polar groups(®! and small GO sheets are more hydrophilic
than larger ones because of greater charge density.*¥ Inter-
estingly, a very recent study revealed that high doses of GO
(200 pg mL™! for 6 h) can produce pores in the plasma mem-
brane of mammalian cells, and molecular dynamics simula-
tions suggested that multiple nanosized graphene sheets can
cooperate to extract phospholipids from membranes.®® Thus,
although this remains to be tested, one may speculate that small
GO within lysosomes could interact more strongly with lipids
in the surrounding membrane via a similar cooperative mecha-
nism, resulting in more rapid lysosomal damage and cathepsin
B release when compared to larger sheets. However, as noted
in the present study, both small and large GO sheets ultimately
succeeded in triggering lysosomal cathepsin B release and sub-
sequent caspase-dependent IL-1f secretion in macrophages,
and the overall responses to GO-S and GO-L were similar.
Further to this point, it is of considerable interest to reflect on
a recent study designed to assess why long and “stift” (rigid)
CNTs are more cytotoxic than short or flexible ones.[*® In this
study, the authors combined molecular dynamics simulations
and in vitro cellular imaging to study CNT behavior in intra-
cellular vesicles (i.e., lysosomes) and devised a classification
diagram that distinguishes pathogenic from biocompatible nano-
materials based on a “nanomechanical buckling” criterion.[®!
The proposed classification is based on the geometric criteria
for nanomaterials to induce lysosomal permeability through
mechanical stress and could help to explain why long and
rigid CNTs are more prone to cause cytotoxicity and lysosomal
damage.[*7:%8 Tt is tempting to speculate that similar mechanical
properties could influence the behavior of GBMs; thus, single-
layer GO may be less cytotoxic than few-layer GO based on
differences in biological softness or buckling under lysosomal
compressive forces. Indeed, in a recent study, multilayer GO
was shown to be more cytotoxic in THP-1 cells than single-layer
GO.?] However, detailed experimental and theoretical studies
are required to address this. Furthermore, lipid extraction and/
or oxidation by GOI®71 might also come into play, as shown in
recent studies on bacterial membranes. At any rate, the present
studies have provided evidence that single-layer GO is noncyto-
toxic for macrophages despite significant cellular uptake while
TEM imaging showed that GO-S and GO-L were folded or
“buckled” inside the cell.

4, Conclusions

In conclusion, in this study, we have shown that (i) both small
and large GO sheets are readily engulfed by primary human
macrophages; (ii) GO is not cytotoxic for primary human mac-
rophages; (iii) GO does not appear to engage TLRs; (iv) GO
per se does not trigger typical Th1 cytokines (i.e., TNF-¢, IL-6,
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or IL-1B) or Th2 cytokines (i.e., IL-4, IL-5, and IL-13) in mac-
rophages, but GO significantly suppresses several LPS-induced
cytokines, including the anti-inflammatory cytokine, IL-10;
(v) GO modulates the expression of IL-1f3 and its antagonist,
IL-1RA in macrophages; (vi) GO triggers caspase-1-dependent
IL-1B secretion, a hallmark of inflammasome activation, in
LPS-primed macrophages; (vii) GO elicits canonical NLRP3—
ASC-caspase-1-dependent IL-1 secretion in LPS-primed
cells; (viii) GO does not trigger size-dependent effects in mac-
rophages. These results testify to the biocompatibility of endo-
toxin-free GO toward primary macrophages and call into the
question the notion that GO is proinflammatory. The results
may also have implications for biomedical applications of GO,
e.g., in vaccination.

5. Experimental Section

GO Synthesis and Characterization: GO sheets of differing lateral
dimensions were synthesized using a modified Hummers’ method
as described?”l under endotoxin-free conditions by using a laminar
flow hood, endotoxin-free water, nonpyrogenic plastic containers, and
depyrogenated glassware; in addition, gloves were used during the
entire process to reduce skin contact.’" The structural properties of the
small and large GO reconstituted in water, including lateral dimension
and thickness, were studied by optical microscopy, TEM, and atomic
force microscopy.?®! In addition, zeta potential and size measurements
by dynamic light scattering were performed both in deionized water
(dH,0) and in cell culture medium. Electrophoretic mobility (1) was
measured using Malvern Zetasizer Nano ZS (UK) after preparing the
samples (GO-S and GO-L) at 50 ug mL™" in dH,O and in RPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) in disposable
Zetasizer cuvettes (Malvern Instruments). The measurements were
carried out at 25 °C, where the voltage was set at 10 V with automatic
attenuation selection. Furthermore, automatic analysis was used for
all measurements, where the p was converted automatically by the
equipment software to zeta potential () values. The hydrodynamic size
of GO-S and GO-L was also measured at 50 pg mL™" in dH,O versus
serum-containing cell culture medium using default instrument settings
and automatic analysis. All values are the average of six independent
measurements.

Endotoxin Assessment: The endotoxin content in the GO samples
was assessed using the TET as previously described.®" Briefly, primary
human macrophages (see below) were exposed for 24 h to a noncytotoxic
concentration (i.e., 50 ug mL™") of GO-S and GO-L as determined by
using the Alamar Blue assay, in the presence and absence of the specific
endotoxin inhibitor, polymyxin-B sulfate (10 x 10° m) (Sigma-Aldrich,
Sweden). The cell medium of exposed cells was then collected and TNF-
o was quantified using an ELISA (Invitrogen, Sweden) following the
manufacturer’s instruction. Absorbance was measured at 450 nm using
a plate reader (Infinite F200, Tecan, Switzerland). Results are expressed
as pg/50 000 cells of released TNF-0, based on triplicate samples from
three independent experiments using cells from different human donors.
In addition, macrophages were exposed to different doses of LPS
(100 pg mL~" to 100 ng mL™") to generate a standard curve.

Primary Human Monocyte-Derived Macrophages: PBMC  were
prepared from buffy coats obtained from healthy blood donors
(Karolinska University Hospital, Stockholm, Sweden) by density
gradient centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway)
as described before.’” Briefly, PBMCs were positively selected based
on CD14 expression using CD14 MicroBeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). To obtain HMDM, CD14+ monocytes
were cultured in RPMI-1640 medium (Gibco Invitrogen, Sweden)
supplemented with 2 x 1073 m L-glutamine, 100 IU mL™" penicillin,
100 mg mL~" streptomycin, 10% heat-inactivated FBS, and 50 ng mL™
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recombinant M-CSF (Novakemi, Sweden) for 3 d. In some experiments,
HMDM were primed with 100 ng mL™" of bacterial LPS (Sigma-Aldrich)
for 2 h prior to exposure.

Cytotoxicity Evaluation: Cell viability was assessed using the Alamar
blue (AB) assay, based on the metabolic conversion of resazurin, a
nonfluorescent indicator dye, to red-fluorescent resorufin in living cells
(Thermo Fisher Scientific, Sweden). HMDM were first primed with
0.1 g mL™" LPS for 2 h. Then, after washing the cells for four times
with warm phosphate-buffered saline (PBS) (37 °C) the cells were
exposed for 24 h in 96-well plates to GO-S or GO-L (up to 75 pg mL™)
in RPMI-1640 cell culture medium supplemented with 10% FBS (without
recombinant M-CSF), or to 5% dimethyl sulfoxide (DMSO) as a positive
control for cell death. Then, the AB assay was performed according to
the manufacturer’s instruction. Briefly, exposure medium was removed,
cells were rinsed with PBS and 100 pL of AB medium (10% [v/v] solution
of AlamarBlue reagent), prepared freshly in RPMI-1640 complete
medium, were added to each well. After 2 h of incubation at 37 °C,
fluorescence was measured at the respective excitation and emission
wavelength of 531 nm and 595 nm using a Tecan Infinite F200 plate
reader (Tecan, Stockholm, Sweden). AB alone and cell culture medium
alone were included as blanks. The experiment was performed with
at least three biological replicates and six technical replicates for each
concentration of GO. Results were expressed as percentage cell viability
versus negative control, which was set as 100%. Potential interference of
GO with the AB assay was evaluated in an acellular system by incubating
75 ug mL™" of each of the GO samples with the AB reagent for 2 h at 37
°C; no interference was observed (data not shown).

Transmission Electron Microscopy: To study cell uptake, cells were exposed
to GO-L or GO-S (50 pug mL™") for 3 h in cell medium supplemented with
10% FBS and then washed with PBS, trypsinated, and centrifuged at
1000 rpm for 5 min and analyzed by TEM. Cells were fixed in 2%
glutaraldehyde in 0.1 m sodium cacodylate buffer containing 0.1 m sucrose
and 3 x 1073 m CaCl,, pH 7.4. Samples were washed in buffer and postfixed
in 2% osmium tetroxide in 0.07 m sodium cacodylate buffer containing
1.5 x 1073 m CaCl,, pH 7.4, at 4 °C for 2 h, dehydrated in ethanol followed
by acetone, and embedded in LX-112 (Ladd, Burlington, VT). Sections
were contrasted with uranyl acetate followed by lead citrate and were
examined in a Tecnai 12 Spirit Bio TWIN TEM (FEIl, The Netherlands) at
100 kV. Digital images were taken using a Veleta camera (Olympus Soft
Imaging Solutions, GmbH, Germany).

Cytokine-Chemokine Multiplex Profiling: To monitor cytokine-chemokine
production, HMDM were preincubated or not with 0.1 pug mL™
LPS for 2 h. Then, the cells were exposed to 50 ug mL™' of GO-S or
GO-L for 24 h, or to LPS (0.1 ug mL™"), and cell culture samples were
collected, centrifuged at 12 000 rpm for 5 min to remove cell debris
and stored at —80 °C until analysis. Cytokine profiling was performed
on cell culture supernatants using the 27-plex human suspension cyto/
chemokine assay kit (Bio-Plex Human 27-Plex Cytokine from Bio-Rad
Laboratories, Hercules, CA) as described.B% For analysis, samples
were thawed and kept on ice. Samples were then measured using
Bio-Plex 200 system (Luminex xMAP Technology) and Bio-Plex software
(Bio-Rad Laboratories AB, Sundbyberg, Sweden). Cytokine standards
were reconstituted in RPMI-1640 medium supplemented with 10% FBS.
The experiments were performed using cells from three different blood
donors, each tested in triplicate samples. The results are expressed
as pg/30 000 cells of released cytokine, based on standard curves.
The cytokine-chemokine expression data retrieved from the multiplex
assay were analyzed using hierarchical clustering analysis, as previously
described.I”3l Complete linkage and Euclidean distances were employed
as metrics to draw association dendrograms between cytokines—
chemokines and the different treatment conditions. Cluster analysis and
heatmaps were obtained using R 3.2.2.74

Interleukin-1B Detection: HMDM were primed or not with LPS
(0.1 ug mL™") for 2 h and then exposed to GO (50 g mL™"). The exposed
cell media were collected and stored at —80 °C for further analysis. IL-18
release was determined by using a human IL-18 ELISA kit (Invitrogen,
Sweden) according to the manufacturer’s instruction. Absorbance was
measured at 450 nm using a Tecan Infinite F200 plate reader. Results
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are expressed as pg/50 000 cells of released cytokine, based on at
least three independent experiments using cells from different blood
donors. To assess the role of caspases, cells were preincubated for
2 h with either Z-YVAD-FMK (10 x 1076 ), Z-IETD-FMK (20 x 1076 w),
or zVAD-FMK (20 x 10 wm) (R&D Systems, Minneapolis, MN).
Then, the cells were exposed to GO-S or GO-L at 50 ug mL™' for 24 h
in RPMI-1640 cell culture medium supplemented with 10% FBS.
The exposed cell media were collected and IL-13 quantification was
done using ELISA as described above. To study the role of cell uptake,
LPS-primed (0.1 ug mL™", 2 h) HMDM were preincubated or not with
the inhibitor of actin polymerization, cytochalasin-D (10 x 107° wm)
(Sigma-Aldrich) for 1 h. Then cells were exposed to GO-S or GO-L at
50 pug mL™" concentrations for 24 h after which the exposed cell media
were collected. IL-1f quantification was performed by using ELISA.
To assess the role of NADPH oxidase activation in HMDM exposed
to GO, LPS (0.1 ug mL™") primed (2 h) HMDM were preincubated for
2 h with 10 x 107 m DPI (Sigma-Aldrich) and then exposed to GO-S or
GO-L at 50 ug mL™" for 24 h. The exposed cell media were collected and
IL-18 was quantified using ELISA.

Lysosomal Cathepsin B Release: Lysosomal activation with release of
cathepsin B was measured using the Magic Red-cathepsin B substrate
from Immuno-Chemistry Technologies (Bloomington, MN). Briefly,
HMDM were primed for 2 h with LPS (0.1 ug mL™") and then exposed
to GO-S or GO-L at 50 ug mL™" for the indicated time-points. Then,
medium was removed and the cells were washed with warm PBS
(37 °C). The cells were then stained with the Magic Red cathepsin B
substrate in PBS for 1 h at 37 °C in 5% CO,. After the incubation the
cells were washed with PBS and the fluorescence of Magic Red was
measured at excitation/emission of 540/590 nm (bandwidth Ex./Em. £
24/20 nm) using a plate reader (Tecan Infinite F200). The fluorescence
intensity measured is directly proportional with the amount of cathepsin
B released to the cytosol. The results are expressed as a percentage
increase compared to the unexposed negative control cells, which was
set at 0%.

Intracellular  Potassium Measurements: Intracellular K+ level was
measured using the potassium (K+) sensitive dye, PBFI-AM (Thermo
Fisher Scientific). HMDM were primed for 2 h with LPS (0.1 ug mL™)
and then exposed to GO-S or GO-L at 50 pug mL™". Nigercin (15 x 107° m)
(Sigma-Aldrich) was used as a positive control. Following exposure the
cell medium was removed and the cells were washed with warm PBS
(37 °C). The cells were then stained with PBFI-AM at 5 X 107 m in PBS for
1 hat 37 °C and 5% CO,. Following the incubation the cells were washed
with PBS and the fluorescence of PBFI-AM was measured at excitation/
emission of 360/465 nm (bandwidth £ 35 nm) using a spectrophotometer
(Infinite F200, Tecan, Minnedorf, Switzerland). The results are expressed
as % decrease compared to unexposed negative control.

Reactive Oxygen Species Measurements: Intracellular ROS levels were
measured using the H2DCFDA assay (Thermo Fisher Scientific). Briefly,
HMDM were seeded in black 96-well plates with transparent bottom at a
density of 5 x 10* cells per well. Cells were primed with LPS (0.1 ug mL™
for 2h) and then preloaded with 10 x 107 m H2DCFDA in PBS for 1 h
min at 37 °C and 5% CO,. Then, cells were washed thrice with PBS and
exposed to 50 ug mL™" of GO-S or GO-L. Fluorescence was recorded at
37 °C (excitation 485 nm, emission 535 nm) using a plate reader (Tecan
Infinite F200). The results were plotted as % ROS generation in HMDM
incubated in medium alone (set at 0%).

TLR Reporter Cell Lines: HEK 293 cells cotransfected with human TLR2
(HEK-Blue hTLR2) or TLR4 (HEK-Blue hTLR4 cells) and an NF-xB/AP-1-
SEAP reporter gene were obtained from InvivoGen (Toulouse, France).
Once TLR signaling is initiated, NF-xB and AP-1 is activated, which initiates
the secretion of SEAP which can be detected in the cell supernatants to
quantify NF-kB activation. The HEK-Blue Null1 cells were included as a
negative control. HEK-Blue Null1, hTLR2, and hTLR4 cells were cultured
in Dulbecco’'s modified Eagle’s medium (DMSO) growth medium
containing 4.5 g " glucose and supplemented with 10% FBS, 50 U mL™"
penicillin, 50 mg mL™" streptomycin, 100 mg mL" Normocin,
2 x 1073 M L-glutamine and 1X HEK-Blue selection antibiotics mixture,
according to the manufacturers’ instruction. For Nulll cells, Zeocin was
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used instead of the selection antibiotics mixture. Cells (2 x 10° cells mL™)
were exposed for 12 h to 50 pug mL™" of GO-S or GO-L, or LPS (0.1 ug
mL™") as a positive control, in HEK-Blue detection medium (InvivoGen).
SEAP activity was measured at 630 nm using an Infinite F200 Tecan plate
reader.

THP-1 Knockdown Cell Lines: Four different THP-1 monocytic cell
lines (Null-1, defASC, defNLRP3, and defCaspase-1) were obtained from
InvivoGen (France). The THP-1 null and knockdown cells!’> were cultured
according to the manufacturers’ instructions. After sub-culturing the cells
thrice in RPMI-1640 cell medium supplemented with 10% FBS, cells were
seeded in 96-well plates at a density of 10° cells per well. Hygromycin B
(Sigma-Aldrich) (100 ug mL™") was added for the knockdown cells. After
24 h, cells were primed or not with 0.1 ug mL™" LPS for 2 h. Then, the cells
were washed with PBS and exposed for 24 h to 50 mg mL™" of GO-S or
GO-L in 10% FBS-supplemented growth medium. Following incubation,
cell culture media were collected and IL-1f3 content was measured using
a specific ELISA.

Statistics: All experiments were conducted at least in triplicate
(three independent experiments or biological replicates), where each
biological replicate has 3—6 technical replicates. Statistical significance
was tested with unpaired two-tailed Student t-test or one-way ANOVA
with Tukey correction using GraphPad Prism version 5.02 for Windows
(GraphPad Software, San Diego, CA). Data are reported as mean
values = S.D. or S.E.M.
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