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Monocytes M1 Macrophages

A significant challenge to delivering ther-
apeutic doses of nanoparticles to targeted disease sites is the
fact that most nanoparticles become trapped in the liver. 4
Liver-resident macrophages, or Kupfler cells, are key cells in 3
the hepatic sequestration of nanoparticles. However, the Ty A ' ..... i
precise role that the macrophage phenotype plays in N ' 1 LA
nanoparticle uptake is unknown. Here, we show that the ;
human macrophage phenotype modulates hard nanoparticle
uptake. Using gold nanoparticles, we examined uptake by
human monocyte-derived macrophages that had been driven
to a “regulatory” M2 phenotype or an “inflammatory” M1 phenotype and found that M2-type macrophages preferentially take
up nanoparticles, with a clear hierarchy among the subtypes (M2c > M2 > M2a > M2b > M1). We also found that stimuli such
as LPS/IFN-y rather than with more “regulatory” stimuli such as TGF-#/IL-10 reduce per cell macrophage nanoparticle
uptake by an average of 40%. Primary human Kupffer cells were found to display heterogeneous expression of M1 and M2
markers, and Kupffer cells expressing higher levels of M2 markers (CD163) take up significantly more nanoparticles than
Kupffer cells expressing lower levels of surface CD163. Our results demonstrate that hepatic inflammatory microenviron-
ments should be considered when studying liver sequestration of nanoparticles, and that modifying the hepatic
microenvironment might offer a tool for enhancing or decreasing this sequestration. Our findings also suggest that models
examining the nanoparticle/macrophage interaction should include studies with primary tissue macrophages.

M2c Macrophages

“+100nm AuNP +100nm AuNP ~ +100nm AuNP

nanoparticle, macrophage, phenotype, phagocytosis, Kupffer cell, cytokine

nderstanding the interactions of nanoparticles with
macrophages is key to successfully employing nanotech-
nology for in vivo imaging and therapeutic applications.
It has been demonstrated that over 99% of all administered
cancer-targeting nanoparticles are sequestered by the organs of
the reticuloendothelial system and largely by the macrophage-rich
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liver. Only 0.7% (median) will accumulate in or interact with
solid tumors,"* and many of the administered nanoparticles
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will be taken up by macrophages, which are cells of the innate
immune system. This low delivery efficiency negatively affects
the medical utility and translation of nanomedicines. Thus,
it is important to probe and understand the interactions of
nanoparticles with monocytes and macrophages.’

Macrophages reside in every solid organ.' Tissue-resident
macrophages are likely derived from circulating monocytes™®
and are functionally diverse, playing important roles in tissue
homeostasis, repair, and response to foreign pathogens.
Macrophages tend to adapt to their tissue location, and their
biological function is related to their location within the tissue
architecture. Interactions of these cells with nanoparticles
are both tissue- and cell-state-specific. This fact complicates the
study of nanoparticle/macrophage interactions because it is
difficult to obtain fresh human tissue specimens for study. As a
result, there has been limited study of nanoparticle uptake by
human liver macrophages (Kupffer cells), and it is not known
whether animal or human surrogates (such as monocyte-derived
macrophages) adequately reflect how human Kupffer cells
interact with nanomaterials. Most studies, to date, have focused
on understanding how particle design affects cellular uptake,
kinetics, and exocytosis. For example, Simmet and co-workers
showed that macrophage uptake of polystyrene nanoparticles
varies based on the serum proteins that opsonize the particles;7
Thrall and colleagues demonstrated that uptake of silica and
superparamagnetic iron oxide nanoparticles leads to altered
macrophage activation in response to lipopolysaccharide (LPS)
stimulation.” However, the polarization of phagocytic cells may
be an important factor in determining the uptake and biological
impact of nanoparticles, and this cellular parameter has not yet
been fully examined.

One key characteristic of macrophages is their functional
plasticity, particularly in the way that their responses change
based on the inflammatory microenvironment. They can be
subdivided into classically (“M1”) and alternatively (“M2”)
activated categories.” “M1” macrophages are thought to be pro-
inflammatory, whereas “M2” macrophages are more immuno-
regulatory in nature.* M1 macrophages express increased cell
surface major histocompatibility complex class II molecules
and, in response to pro-inflammatory stimuli such as endotoxin,
generate reactive oxygen species and tumor necrosis factor a
(TNF-a). In contrast, M2 macrophages express increased cell
surface scavenger receptors and produce high amounts of
IL-10."” M1 and M2 macrophages have been implicated in differ-
ent disease processes. For example, tumor-associated macro-
phages closely resemble the M2 phenotype and promote neo-
plastic cell proliferation, angiogenesis, and remodeling of the
extracellular matrix,'" whereas M1 macrophages tend to dom-
inate in progressing atherosclerotic plaques.'”” The M1/M2
classification is evolving, and subtypes of macrophages are not
thought to be strictly delineated. However, several definitions of
macrophages exist (e.g, M2a, M2b, M2c) based on the ability of
various cytokine combinations to induce different functional
phenotypes in vitro."*~'°

The role of macrophage polarization in governing nanoparticle
interaction remains unclear and is the main focus of the current
study. Understanding the patterns of uptake and sequestration
of nanoparticles by differently polarized macrophages may be
critical to explaining the size, shape, and surface chemistry
biodistribution patterns of nanoparticles, as well as the effect of
nanoparticles on cellular and organ function. With this in mind,
we systematically studied the impact of macrophage polarization
on nanoparticle uptake using macrophage phenotypes derived
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in vitro from circulating human monocytes and examined
how this uptake alters key macrophage inflammatory functions.
In vivo macrophage phenotypes are much more complex than
in vitro-derived polarizations: macrophages driven in vitro to an
“M1-like” or “M2-like” state will share some but not all features
of M1 and M2 cells found in vivo."”"* We examined the effect of
nanoparticles on freshly isolated human Kupfter cells and mea-
sured uptake in “M1” and “M2-like” cells. An improved under-
standing of the interactions of nanoparticles with macrophages
may lead to solutions that can eventually overcome the “delivery”
problem associated with nanotechnology and/or lead to new
therapeutic or diagnostic strategies to treat many diseases.

RESULTS AND DISCUSSION

In order to determine how macrophage polarization modulates
nanoparticle uptake, we adopted two approaches. (1) We
examined nanoparticle uptake by monocyte-derived macro-
phages, which were differentially polarized in vitro using several
cytokine cocktails to express a predominantly “M1” or “M2”
surface phenotype. (2) We examined nanoparticle uptake by
isolated human liver Kupfter cells, which exhibit heterogeneous
surface expression of M1 and M2 markers in vivo. In our
generation of monocyte-derived macrophages, we polarized the
cells across the recognized spectrum of “M1”-like and “M2”-like
phenotype. Previous studies have demonstrated preferential
uptake by M1-like macrophages,'” and others have shown the
opposite effect.' " However, it is well-recognized that derived
macrophages are considerably different from primary tissue
macrophages. For this reason, we asked whether the prediction of
M1/M2 nanoparticle uptake from derived macrophages held
true in primary liver macrophages.

Gold Nanoparticle as Model Nanoparticles. Gold
nanoparticles are an ideal model for a number of reasons. For
example, they can be reproducibly synthesized in a range of sizes;
they can be made fluorescent for flow-cytometry-based analysis,
and they are clinically relevant, with at least two gold-based
nanoformulations currently in clinical trials.”’ We synthesized
gold nanoparticles with core diameters of 15, 60, and 100 nm,
then PEGylated them and grafted them to Alexa Fluor 750 dye.
The fluorescent labeling enabled us to explore the size and
surface-chemistry-dependent interactions with macrophages.
The nanoparticles were characterized using standard method-
ologies (see Figure 1 for full characterization). Nanoparticle dose
selection was determined as shown in Figure S1.

Polarization of Human-Derived Macrophages. We first
isolated circulating monocytes from healthy human donors and
polarized them in vitro to six cytokine-derived macrophage
subtypes. We used six different cytokine cocktails: MCSE-treated
only (“unpolarized”, considered neither M1 nor M2),"® IFN-y/
LPS-treated (M1), and IL4/IL-10-, IL-4/IL-13-, LPS/IL-15-,
and TGF-B/IL-10-treated (M2, M2a, M2b, and M2,
respectively) (Figure 2A)."*™'° In order to confirm the impact
of our polarization strategies, we assessed surface expression of
a panel of M1 and M2 phenotypic markers and intracellular
cytokine production. M1 markers included HLA-DR, CD2S, and
CD86, and M2 markers included CD163, CD206, and CD209.”
Surface phenotype and intracellular cytokine production showed
that, among the six macrophage polarizations, there was a skewing
of the macrophage phenotype either toward an “M1”-like or an
“M2”-like phenotype (Figure 2B,C and Figure S2). Specifically,
IFN-y/LPS- and LPS/IL-1f-polarized cells showed upregulated
expression of M1 macrophage markers HLA-DR, CD2S, and
CD86 compared to unpolarized, MCSF-treated cells. IL-4/IL-13-,
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Figure 1. Nanoparticle characterization. (A) Schematic and transmission electron microscopy images of the nanoparticles utilized in this study:
15 nm (i), 60 nm (ii), and 100 nm (iii) gold nanoparticles were grafted with six poly(ethylene glycol) molecules/nm? nanoparticle surface area
(85% 5 kDa methoxy-PEG-SH and 15% 10 kDa amine-PEG-SH), and subsequently, a 1:1 molar ratio of NHS-Alexa Fluor 750 dye/amine-
PEGSH was added to yield fluorescently labeled gold nanoparticles. Electron microscopy images were used to measure nanoparticle core size,
and values are included in a table. Scale bar is 100 nm. (B) {-Potential (i) and hydrodynamic diameter (ii) of the three nanoparticle sizes with
corresponding values included in the table. Hydrodynamic diameter measurements were conducted in water, and {-potential measurements were
conducted in 1X HEPES buffer (pH 7.15). Abbreviations: hydrodynamic diameter, HD; polydispersity index, PDI; {-potential, ZP; standard
deviation, SD. (C) Optical properties of the fluorescent gold nanoparticles. Shown are absorbance spectra (i) and fluorescence values (ii) for the
three nanoparticle sizes. Fluorescence values were normalized to total nanoparticle surface area. (D) Gel electrophoresis (0.7% agarose, run in
0.5X TBE buffer, 135 mV X 30 min), suggesting that the dye molecules are conjugated to the gold nanoparticles. Shown are bright-field (i) and
fluorescence (ii, ex/em = 750/830 nm) images.
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Figure 2. Confirmation of monocyte/macrophage polarization. (A) Monocyte-derived macrophage polarization strategy. MCSF was used to
mature purified monocytes to macrophages, and the following cocktails were applied to generate five additional macrophage polarizations:
M1, IFN-y/LPS; M2b, LPS/IL-1§; M2a, IL-4/IL-13; M2, IL4/IL-10; and M2c, TGF-$/IL-10. (B,C) Surface phenotype of each macrophage
polarization was determined by flow cytometry, and a total of 20 000 events were collected and analyzed by FACS. Polarized macrophages were
stained with CD68 to identify monocytes/macrophages and with anti-human HLA-DR, CD25, and CD86 (M1 surface markers) and anti-human
CD163, CD206, and CD209 (M2 surface markers). (B) Gating strategy: Mononuclear cells were identified in SSC-A vs FSC-A via backgating
based on CD68 staining. Singlets were defined as having similar area and height measurements in forward scatter (FSC-A vs FSC-H).
Macrophages were then identified by CD68+ gating. Gates for surface stains set based on unstained controls. (C) Flow cytometry plots showing
expression of surface markers. Gates were set based on background in NP-treated unstained controls. (D) Flow cytometry plots showing
secretion of TNF-a and IL-12 after polarizations using the strategy outlined above. Monocyte-derived macrophages were polarized for 18 h, and
brefeldin A and monensin were added for the final 6 h of the polarization. Monocytes/macrophages gated as in B. Gating for intracellular
cytokine staining was calculated based on fluorescence-minus-one (FMO) controls.
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IL4/IL-10-, and T GF-f/IL-10-polarized cells showed upregulated
expression of M2 macrophage markers CD163, CD206, and
CD209 (Figure 2C and Figure S2). Cell morphology changed
depending on the polarization cocktail, with IFN-y/LPS-
polarized cells (M1-like) being more elongated and IL-4/IL-10-
and TGF-B/IL-10-polarized cells (M2-like) having a larger,
more rounded morphology (Figure S3). Intracellular cytokine
staining revealed that IFN-y/LPS- and LPS/IL-1p-polarized cells
produced TNF-a and IL-12, typical M1 cytokines. The M2
subtype polarizations did not produce detectable amounts of
either cytokine (Figure 2D). We were unable to detect the
production of IL-6 or IL-10 from any of the subtypes between
18 and 24 h after polarization, and 10—25% of all polarized cells
produced IFN-y, a finding that did not change based on the
polarization strategy (Figure S4). Taken together, these data
confirm that we were able to successfully generate “M1”-like and
“M2”-like macrophage subtypes in vitro with the expected surface
marker and cytokine expression.

Effect of Monocyte Differentiation on Nanoparticle
Uptake. We then studied nanoparticle ingestion by individual
macrophage subtypes. For these experiments, freshly isolated
monocytes and polarized macrophages were exposed to
nanoparticles using a surface-area-normalized dose of 1.06 X
10" nm?*/well for 4 h in cell culture media supplemented with
human serum. Human serum was employed to mimic conditions
encountered in vivo. Doses were selected based on optimization
experiments performed using an immortalized mouse macro-
phage cell line (see Figure SSA) and M2c-polarized primary
human macrophages (see Figure SSB).

We first determined whether nanoparticle size affected uptake
by monocytes and polarized macrophages. Nanoparticle uptake
was assessed by flow cytometry using two parameters: the
percentage of cells that accumulated a detectable amount of
nanoparticles (%NP-positive cells) and the mean fluorescence
intensity (MFI) of the nanoparticle-positive cells. Regardless of
the polarization strategy used, both monocytes and macrophages
preferentially took up larger nanoparticles, although macro-
phages took up considerably more than control monocytes
(Figure 3 and Figure S6).1In Figure 3Aii,Bi—iv, 0.6 £ 0.5,21.0 =
18.9, and 43.5 + 17.6% of monocytes showed uptake of 15, 60,
and 100 nm particles, respectively; IFN-y/LPS-treated (M1-like)
macrophages showed 0.8 + 0.6, 71.5 + 17.5, and 87.5 + 15.3%
uptake of 15, 60, and 100 nm particles, respectively; IL-4/IL-10-
treated (M2-like) macrophages showed 0.7 & 0.6, 78.9 + 17.9,
and 94.8 + 4.1% uptake of 15, 60, and 100 nm particles,
respectively; TGF-f/IL-10-treated (M2c-like) macrophages
showed 0.6 + 0.7, 74.7 + 15.9, and 96.1 + 2.8% uptake of 15,
60, and 100 nm particles, respectively. Larger nanoparticles were
not only ingested by more cells but they were also ingested more
avidly: for all polarizations, the MFI for 100 nm nanopar-
ticles was significantly higher than that for 60 nm nanoparticles
(Figure 3Bi—iv). Since flow cytometry measures nanoparticle
uptake by detecting the conjugated fluorophore rather than the
nanoparticle itself, we confirmed uptake using inductively
coupled plasma mass spectrometry (ICP-MS) (Figure SS), trans-
mission electron (TEM), and confocal microscopy. TEM images
of TGF-f/IL-10-treated macrophages incubated with the three
nanoparticle sizes are shown in Figure 3C. Confocal microscopy
images for these same cells exposed to 100 nm nanoparticles
were also obtained. Both TEM and confocal microscopy demon-
strate clear internalization of nanoparticles (Figure 3D). Our
finding of preferential uptake of larger nanoparticles bzr macro-
phages is in agreement with other in vitro studies” >’ and
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L . 28-30 .
correlates with in vivo studies that demonstrate increased

clearance of larger nanoparticles by macrophage-rich organs.
However, our data show that this tendency is universal across all
macrophage phenotypes: larger nanoparticles are taken up by
preference in all macrophage subtypes.

Effect of Macrophage Polarization on Nanoparticle
Uptake. Having shown that polarized macrophages take up
more nanoparticles than monocytes, we then asked whether
there were differences in uptake among the different macrophage
subtypes. For this purpose, we held nanoparticle size constant
and examined the uptake of 100 nm nanoparticles as these
particles showed the most robust uptake. We found that,
although roughly the same percentage of cells of subtypes took
up the nanoparticles, they did so with different avidity. As is
shown in Figure 4A—C, per cell uptake of 100 nm nanoparticles
in IL-4/IL-10- and TGF-f /IL-10-polarized macrophages was
higher than that in IFN-y/LPS-polarized macrophages and
monocytes. Cumulative data for uptake of 100 nm nanoparticles
in six separate experiments showed that there was significantly
higher nanoparticle uptake for all macrophage polarizations
compared to fresh monocytes and a significant difference in the
mean MFI for IFN-y/LPS-polarized (M1) macrophages
compared to TGF-f/IL-10-polarized (M2c) macrophages
(Figure 4C and Figure S7A). Cumulative data for the uptake
of 60 nm NP uptake in four separate experiments showed that
there was a significant difference in the mean MFI for M1
macrophages versus M2 macrophages (Figure S7B). These data
provide evidence that nanoparticle uptake by macrophages
can be modulated by inflammatory states: polarizing with
inflammatory stimuli such as LPS/IFN-y rather than with more
“regulatory” stimuli such as TGF-f/IL-10 reduces per cell
macrophage 100 nm nanoparticle uptake by an average of 40%.
Flow cytometry data were entirely consistent with subsequent
TEM analysis (Figure 4D). We also include a series of images for
TGF-f/IL-10-polarized macrophages taken 30 min (Figure 4Di),
2 h (Figure 4Dii), and 4 h post-incubation (Figure 4Diii) with the
100 nm nanoparticles compared to fresh monocytes and IFN-y/
LPS-polarized macrophages imaged at 4 h post-nanoparticle
incubation (Figure 4Div,v). Together, these data clearly demon-
strate that the avidity of nanoparticle ingestion is dependent
upon macrophage subtype, with a general hierarchy of M2¢ > M2
> M2b > M2a > MCSF > M1 > monocytes. Previous studies that
do not employ strict polarization strategies for individual
subtypes, nor clearly define the cellular phenotypes obtained,
have shown both M1 > M2 and M2 > M1 nanoparticle inges-
tion."”'”*” These conflicting results highlight the importance of
careful macrophage subtype phenotype definition, as well as the
plasticity of the cells in vitro: primary tissue-resident cells are
critical for confirming in vitro results. We then asked the question
of whether our findings could be confirmed in different hard
nanoparticles. We measured uptake of silica nanoparticles in vitro
in M2c or M1 polarized human macrophages and found that the
patterns of uptake were similar to that of AuNPs. As seen in
Figure S7C, M2c macrophages took up significantly more silica
NP than M1 macrophages. We next evaluated the kinetics of 15,
60, and 100 nm AuNP uptake by differentially polarized macro-
phages with a 24 h time-course experiment (2, 4, 8, and 24 h).
As seen in Figure S8, we found that the initial uptake of 60 and
100 nm NPs among M2c-polarized macrophages is faster
compared to that with M1 macrophages. Early uptake speed
appears to be different among macrophages of different subtypes
with uptake of both 60 and 100 nm NP by M2c macrophages
being faster than that of M1 macrophages. It appears at the later
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Figure 3. Size-dependent uptake by polarized macrophages. (A) Monocytes and polarized macrophages preferentially take up larger nanoparticles
in vitro. Monocytes and polarized macrophages were plated and exposed to 15/60/100 nm fluorescent gold nanoparticles for 4 h. Doses were
normalized based on total nanoparticle surface area per well. (i) Gating strategy: Mononuclear cells were identified in SSC-A vs FSC-A via backgating
based on CD68 staining. Singlets were defined as having similar area and height measurements in forward scatter (FSC-A vs FSC-H). Macrophages
were then identified by CD68+ gating. Nanoparticle-positive events gated based on CD68-stained, control-vehicle-treated sample (CV-treated).
(ii) Representative flow plots. (B) Percentage and mean fluorescence intensity of each monocyte/macrophage type that is nanoparticle-positive. Error
bars are representative of at least four independent experiments + SEM. Statistical significance was evaluated using an unpaired two-tailed student’s
t test (***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant or P > 0.05). (C) Transmission electron microscopy images for M2c macrophages
exposed to 15 nm (i), 60 nm (ii), and 100 nm (jii) gold nanoparticles for 4 h. Shown in the main image is nanoparticle location within the cell. The
inset includes a high-resolution image of nanoparticles within a membrane-bound intracellular structure. Scale bars are 2 gm in the main image and
200 nm in the inset. (D) Confocal microscopy images for M2c macrophages incubated with 100 nm fluorescent gold nanoparticles for 4 h. These
images demonstrate colocalization of the nanoparticles visualized under bright-field illumination (i) with fluorescence from fluorophores grafted to
the nanoparticle surface (ii). An orthogonal projection in the yz plane of the fluorescence image is shown in (iii). Nucleus is stained with Hoechst
33342 (blue), and nanoparticles appear red. Images were acquired with a 40X PlanApo oil objective (NA 1.3) with the following excitation (ex) and
emission (em) wavelengths: nuclei (4., = 405 nm; A, = 450/50 nm), nanoparticles (4., = 635 nm; 4., = 770/60 nm). Scale bars are 30 gm.
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Figure 4. Nanoparticle uptake depends on macrophage polarization. Fresh monocytes (Fresh mono) and polarized macrophages (IFN-y/LPS,
IL4/IL-10, TGF-/IL-10) were plated and exposed to 100 nm fluorescent gold nanoparticles for 4 h. Dose was normalized based on total
nanoparticle surface area per well. (A) Representative flow plots for 100 nm nanoparticles showing the percentage of nanoparticle-positive cells
and (B) mean fluorescence intensity for the nanoparticle-positive gate. (C) Percentage and MFI of M1, M2, and M2c macrophages that are
nanoparticle-positive following 100 nm AuNP exposure. Error bars are representative of at least six independent experiments + SEM. MFI for
AuNP uptake was normalized for each experiment. Normalized MFI = [MFI for NP uptake/maximum MFI for NP uptake] X 100. Statistical
significance was evaluated using an unpaired student’s ¢t test (***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant or P > 0.05).
(D) Transmission electron microscopy images for monocytes/macrophages treated with 100 nm fluorescent gold nanoparticles. (i—iii) Time-
course images for nanoparticle uptake by M2c macrophages. (i) After a 30 min incubation, individual nanoparticles appear bound to receptors.
(ii) After a 2 h incubation, nanoparticles are grouped within membrane-bound intracellular structures. (iii) After a 4 h incubation, more
nanoparticles can be seen within membrane-bound intracellular structures. (iii—v) Comparison of 100 nm nanoparticle uptake by M2c
macrophages (iii), fresh monocytes (iv), and M1 macrophages (v). Included in (i—v) is one view of nanoparticles in the cell and one high-
resolution view focusing on the intracellular nanoparticles. Scale bars are 2 gm in the main image and 200 nm in the inset.

2434 DOI: 10.1021/acsnano.6b06245
ACS Nano 2017, 11, 2428-2443


http://dx.doi.org/10.1021/acsnano.6b06245

ACS Nano
A Monocytes
A. OMCSF
€M1
100000, Spearman r: 0.1994 Spearmanr: 0.5128 1qp000. Spearman r: 0.3576
o p: 0.2055 100000, p: 0.0005 0% p:00201  eMan
A L
e . ’ & Mze
| ™ 'Y
10000, et se . o 10000, o :‘ s
— 1 L —_
E A » A 'y o 10000, o o E Ak ® %o ™ .O 3
o | a a® = 8 e = A : »?
°
S 1000, # i S e %e %* S0 °
a | * s+ A a)
o ' o . Aa o . .
. o o © . A
A o L b 1000 A
o a, 0o
0 n 0
10, 1 . .
0 50 100 L 5 = 50 100
100nm Normalized NP MFI 100nm Normalized NP MFI 100nm Normalized NP MF|
B.
Spearman r: 0.1578 Spearman r: 0.1506 Spearmanr: -0.1173
10000 p: 0.3182 0000 p: 0.3536 Thouae p: 0.4592
*
A A . A * “ *
L %ﬁ. b Q.: . — 5 Q‘
o 10004 = ¥ gtmm e %% = s . .
° . o
= A g “; s © ol o g by s 0 *
& A » a0a ) A < 0, 4 A
a (] L ® = A
W ° = g s T EQurs =T - %
ol A& 1000{ i . e
| ] A a 4
A
At o®
1000 ™ x .’
100 . :
1Dﬂ 5 i 50 100 ] 50 100

100nm Normalized NP MFI

100nm Normalized NP MFI

100nm Normalized NP MFI

Figure 5. Nanoparticle uptake correlates with expression of M2 markers. Monocytes and polarized macrophages were plated and exposed to
100 nm fluorescent gold nanoparticles or left untreated for 4 h. Dose was normalized based on total nanoparticle surface area per well. Staining
was carried out as described in Figure 2. Mean fluorescence intensity for AuNP uptake was normalized for each experiment: 100 nm mormalized
NP MFI = [MFI for NP uptake/maximum MFI for NP uptake] X 100. (A) M2 markers CD163 and CD206 positively correlate with uptake of
100 nm AuNP. Cumulative plots showing the correlations between CD209, CD206, and CD163 MFI and uptake of 100 nm AuNP. (B) M1
markers do not correlate with uptake of 100 nm AuNP. Cumulative plots showing the correlations between CD25, CD86, and HLA-DR MFI and
uptake of 100 nm AuNP. (A,B) Plots show all seven monocyte/macrophage polarizations for six separate experiments. Macrophage classification
based on the cytokine cocktail used to derive macrophages. Correlations described using the Spearman’s rank correlation coefficient. P < 0.05 is

considered to be significant.

time point (24 h) that the uptake speed plateaus as macrophages
become saturated with nanoparticles, and the differences in NP
uptake between M2c and MI macrophages are no longer
significant.

How Does Surface-Marker-Defined Macrophage Phe-
notype Correlate with Nanoparticle Uptake? As the first
step toward defining nanoparticle uptake in primary cells, we
then asked whether there were aspects of the surface-marker-
defined phenotype that correlate with nanoparticle uptake. Since
M2 subtypes ingest nanoparticles more avidly than M1 cells,
we hypothesized that M2 surface marker expression would cor-
relate more highly with nanoparticle uptake than M1 surface
expression. We found that the expression of typical M2 surface
receptors (CD163, CD206) positively correlated with uptake
of 100 nm nanoparticles for all phenotypes examined: CD163,
Spearman r = 0.3576, p = 0.0201; CD206, Spearman r = 0.5128,
p = 0.000S (Figure S). By contrast, no correlation was found for
M1 surface receptors and uptake of 100 nm NP (HLA-DR,
CD25, and CD86). This finding that M2 macrophage surface
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marker expression correlates to NP uptake held true for 60 nm
AuNP-treated monocytes and macrophages (Figure S9). These
data suggest that surface marker expression may be statistically
associated with nanoparticle ingestion; however, using multiple
analytical methods, including principle component analysis,
surface marker expression was not able to predict nanoparticle
uptake. We suspect that a full predictive model for macrophage
nanoparticle uptake will require further study with additional
surface markers and cellular parameters.

Does Nanoparticle Uptake by Unpolarized Monocytes
Shift the Cells’ Capacity for Polarization? Monocytes arise
from myeloid progenitor cells in the bone marrow, are released
into the bloodstream, and migrate to tissue where they dif-
ferentiate into tissue-specific macrophages such as osteoclasts
(bone), Kupffer cells (liver), and microglial cells (central nervous
system). For this set of experiments, freshly isolated monocytes
were incubated with 100 nm nanoparticles, washed, and then
exposed to the established macrophage polarization conditions.
We found that nanoparticle uptake prior to monocyte maturation
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Figure 6. Impact of nanoparticle uptake on macrophage cytokine secretion. (A) Nanoparticle treatment and pretreatment causes macrophages to respond
less effectively to LPS stimulation. Purified monocytes were exposed to 100 nm AuNP for 4 h either prior to polarization (100 nm prepolarization) as
described in Figure 1, or monocytes were polarized and then exposed to 100 nm AuNP (100 nm postpolarization). All AuNP-treated cells were then
further stimulated with 1 sg/mL LPS for 6 h in the presence of brefeldin A and monensin. Gating strategy and representative flow cytometry plots showing
secretion of TNF-¢ after LPS stimulation. Gating for intracellular cytokine staining was calculated based on unstimulated and fluorescence-minus-one
(FMO) controls. (B) Percentage of M2- and M2c-polarized macrophages that are TNF-ar-positive. Conditions tested were LPS-stimulated macrophages
exposed to AuNP postpolarization (100 nm) or not at all (untreated). Data represent five experiments. (C) Cumulative data from three experiments
showing LPS-stimulated TNF- production when comparing NP-treated macrophages to untreated macrophages. (i) Comparison of TNF-a produced by
untreated macrophages to monocytes treated with 100 nm AuNP prepolarization (M1, M2, and M2c polarization). (ii) Comparison of TNF-& produced
by macrophages treated with 100 nm AuNP postpolarization to monocytes treated with 100 nm AuNP prepolarization (M1, M2, and M2c polarization).
Statistical differences in B and C calculated using a paired student ¢ test (**P < 0.01, *P < 0.05).

with MCSF did not prevent monocytes from differentiating into per se does not seem to alter a monocyte’s ability to become a
mature macrophages (Figure S10). Thus, nanoparticle uptake polarized macrophage.
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Figure 7. Impact of nanoparticle uptake on phagocytosis. Alexa Fluor $94-conjugated Escherichia coli bioparticles (Molecular Probes/Invitrogen)
were added to polarized macrophages at a concentration of 10 X 10° bioparticles per well containing 1 X 10° cells (10:1 ratio) and left for 60 min
at 37 °C. (A) Confocal microscopy images for the phagocytosis assay performed with IFN-y/LPS- and TGF-f/IL-10-stimulated macrophages.
Shown are results from the phagocytosis assay performed on nanoparticle-untreated cells (“control”) or following incubation with 100 nm
nanoparticles (“100 nm NPs”). In these images, the nucleus is stained with Hoechst 33342 (blue); phagocytosed Escherichia coli appears green,
and nanoparticles appear red. Images were acquired with a 40X PlanApo oil objective (NA 1.3) with the following excitation (ex) and emission
(em) wavelengths: nuclei (4, = 405 nm; A, = 450/50 nm), Alexa Fluor 594 Escherichia coli bioparticles (4., = 559 nm; A, = 620/100 nm), and
nanoparticles (A, = 635 nm; A,,,, = 770/60 nm). Scale bars are 30 um. These images demonstrate similar phagocytosis for nanoparticle untreated
and treated polarized macrophages, where examples of cells positive for phagocytosis are marked with an arrow. In addition, for the nanoparticle-
treated cells, examples of cells positive for both nanoparticle uptake and phagocytosis are indicated with a triangle and arrow, respectively. The
same cell is shown in the overlay annotated with an asterisk. (B) Gating strategy and (C) representative flow cytometry plots showing NP uptake
and bioparticle uptake in CD68-stained polarized macrophages. (D) Percentage and MFI of each monocyte/macrophage type that is bioparticle-
positive. Error bars are representative of at least three independent experiments + SEM. Statistical significance was evaluated using an unpaired
student’s ¢ test (ns = not significant or P > 0.05).
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Figure 8. Nanoparticle uptake in primary human Kupffer cells. Primary human Kupffer cells were isolated from total liver homogenate fractionated
from caudate lobe of livers used for transplantation. Unpolarized (Unstim KC) and polarized Kupffer cells were plated and exposed to 100 nm
fluorescent gold nanoparticles for 4 h. Dose was normalized based on total nanoparticle surface area per well. Cells were then stained with CD68 to
identify Kupffer cells and with anti-human HLA-DR, CD25, and CD86 (M1 surface markers) and anti-human CD163, CD206, and CD209 (M2
surface markers). (A) Representative flow plots showing surface phenotype of unstimulated KC with or without exposure to 100 nm AuNP. Cells
were gated as shown in Figure 2. (B) Nanoparticle uptake depends on macrophage polarization. Gating strategy and representative flow plots
showing NP uptake in Kupffer cells. NP gates set based on a full stained control-vehicle-treated control (CV-treated). (C) Percentage (i) and MFI
(ii) of each Kupffer cell polarization that is nanoparticle-positive. (D,E) Unstimulated CD163+ Kupffer cells preferentially take up nanoparticles.
(D) Representative flow plots showing 100 nm AuNP uptake after gating on CD163-positive (CD163+) and CD163-negative cells (CD163—).
(E) Percentage of CD163+ and CD163— Kupffer cells that are AuNP-positive. Error bars for C and E are representative of at least four independent
experiments + SEM. Statistical significance was evaluated using an unpaired student’s ¢ test (*P < 0.05, ns = not significant or P > 0.05).
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Table 1

size H,0 (mL) 2.5 X 107> M gold chloride (mL) 1.5 X 107> M sodium citrate (mL) 223 nM 15 nm seeds (mL) 2.5 X 107> M hydroquinone (mL)
60 nm 96.45 0.984 0.984 1.57 0.984
100 nm 97.66 0.997 0.997 0.34 0.997

Does Nanoparticle Uptake Impact Macrophage Via-
bility, Inflammatory Function, and Phagocytosis of
Bacteria? Macrophage viability was measured using Annexin-V
and 7-AAD stains, which reflect early and late apoptosis, respec-
tively. We show in Figure S11 that incubation of macrophages
with gold nanoparticles even for 7 days did not impact
macrophage viability at the doses used. We further demonstrated
that NP cytotoxicity over the 4 h incubation period was not
responsible for uptake differences of 60 and 100 nm NP among
macrophages of different phenotypes (Figure S12). Macrophage
inflammatory function was then evaluated via cytokine secre-
tion post-LPS challenge and a phagocytosis assay. To investigate
inflammatory function, macrophage TNF-a secretion was exam-
ined post-nanoparticle uptake and compared to control-vehicle-
treated cells. We found that 100 nm nanoparticle uptake both
7 and 1 days prior to LPS stimulation significantly impeded the
ability of monocyte-derived macrophages to produce TNF-a
(Figure 6A—C). As described previously, the polarization
cocktails that included LPS induced a transient refractory state
to subsequent LPS stimulation (Figure 6A).' ~>* We observed
that nanoparticle treatment pre- or postpolarization led to a
significant decrease in TNF-a secretion by in vitro-polarized
macrophages (Figure 6Bijii). The inhibitory effect on TNF-a
secretion was most pronounced in TGF-f/IL-10- (M2c) and
IL-4/IL-10-polarized (M2) macrophages, which were the macro-
phages that consistently took up the most nanoparticles. We also
observed significantly less TNF-a produced when untreated
macrophages were compared to monocytes treated with nano-
particles prior to polarization (Figure 6Ci) and when macro-
phages that were nanoparticle-treated postpolarization were
compared to monocytes pretreated with nanoparticles prior to
polarization (Figure 6Cii). Thus, nanoparticle ingestion signif-
icantly inhibits the macrophage’s secretion of TNF-a in response
to an inflammatory challenge, most especially in the M2 and M2c
phenotypes, the subtypes that take up more nanoparticles.

We then assessed whether nanoparticle ingestion impedes
a macrophage’s ability to phagocytose fluorescently tagged
Escherichia coli bioparticles. As shown in Figure 7A—D, we found
that that there was no significant difference in E. coli bioparticle
uptake in control-vehicle-treated macrophages when compared
to that for M1 and M2c macrophages—chosen as the most
distinct phenotypes in our data—treated with 100 nm AuNP.
These data suggest that nanoparticle internalization does not
interfere with the phagocytic function of M1 or M2c macro-
phages. Taken together, these data suggest that nanoparticle
treatment has no impact on macrophage viability or phagocytic
ability but does reduce the pro-inflammatory potential of macro-
phages. Our findings show that certain aspects of macrophage
inflammatory function, specifically TNF-a secretion, are altered
by nanoparticle uptake, but macrophage cell death and phago-
cytosis are not impacted, suggesting that this is a selective,
nontoxic effect.

Validation of Nanoparticle—Macrophage Interaction
with Cells from Deceased Donor Livers for Trans-
plantation. Kupffer cells are particularly relevant for inves-
tigation into the macrophage—nanoparticle interaction both
because they are key players in the off-target accumulation of
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injected nanoparticles and because they are the causative cell type
in several hepatic disease states.””*> Confirmation of monocyte-
derived macrophage findings in primary Kupfter cells is a priority
due to the fact that macrophages adapt to and are specific for the
tissues in which they reside; for example, tissue-specific macro-
phages express highly individual gene expression signatures.*®*’
As a first step, Kupffer cells isolated from four patients were
phenotyped using the same surface markers as in the macrophage
polarization experiments. We found that unstimulated Kupfter
cells had a phenotype that was distinct from any of our in vitro-
polarized macrophages, without a clear M1 or M2 phenotype
(Figure 8A). This is in agreement with previous murine-based
studies, which suggest that Kupfter phenotype is quite complex
and can chan§e rapidly in response to change in the intraorgan
environment.” Given our results associating levels of CD163
and CD206 with nanoparticle ingestion (Figure 5), we would
predict that M1-polarized human KC would ingest fewer nano-
particles than unpolarized ones, and that KC stimulated with M2
cytokines would ingest more nanoparticles than KC stimulated
by M1 cytokines but not necessarily more than unstimulated KC.
Consistent with this hypothesis, we found significantly less
AuNP uptake 4 h postexposure in LPS/IFN-y-polarized Kupffer
cells (9.1 +2.55%) compared to unstimulated Kupffer cells (20.7 +
7.64%) or TGF-f/IL-10-polarized Kupffer cells (21.4 + 9.7%)
(Figure 8B,C). Unstimulated and M2-stimulated KC ingest
roughly equivalent amounts. These results demonstrate that NP
uptake by Kupffer cells can be significantly reduced (by an
average of 56%) by inflammatory stimulation with LPS/IFN-y.
Thus, skewing the hepatic cytokine environment may be a
strategy to modulate NP accumulation in the liver.

As further evidence of the fact that M2 macrophages are more
prone to take up nanoparticles, we looked at nanoparticle uptake
in unpolarized primary Kupffer cells and focused on the CD163-
positive population (an indication of M2 macrophages) and
CD163-negative population (M1 macrophages). In these
primary liver cells, we asked the question of whether nanoparticle
uptake would be uniform or heterogeneous. In this analysis,
we saw heterogeneity in nanoparticle uptake that varied along
with CD163 expression, with CD163-positive cells taking up
significantly more nanoparticles than CD163-negative cells
(Figure 8D,E). These data suggest that surface marker phenotyping
may be useful for predicting nanoparticle uptake in primary
human tissue macrophages.

In summary, our results demonstrate that nanoparticles are
preferentially taken up by monocyte-derived macrophages and
Kupfter cells that have an M2-like phenotype. Nanoparticle
uptake selectively impacts the ability of these macrophages to
produce pro-inflammatory cytokines such as TNF-a, without
altering cellular viability or phagocytic ability. Primary human
liver macrophages are far better than circulating monocytes at
nanoparticle ingestion, and polarizing with MI-skewing
cytokines significantly inhibits nanoparticle ingestion even in
these nanoparticle-avid cells. Thus, hepatic inflammatory micro-
environments should be considered when interpreting liver
sequestration of nanoparticles, and the manipulation of the
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hepatic microenvironment might offer a tool for increasing or
decreasing this sequestration, depending on the goals. Our data
suggest that future characterization can lead to predictive tools
for primary tissue macrophage nanoparticle ingestion based on
surface marker expression—as a means to assess and manipulate
potential nanoparticle uptake in individual tissues—and demon-
strates that models of the nanoparticle/macrophage interaction
must include studies with primary tissue macrophages.

METHODS

Gold Nanoparticle Synthesis and Characterization. In the
first stage, 15 nm gold nanoparticles were synthesized by adding
trisodium citrate (1 mL, 3%w/v) to 98 mL of double-distilled water
in a 250 mL Erlenmeyer flask. The solution was brought to a boil,
and gold(1IT) chloride trihydrate (1 mL, 1% w/v) was rapidly injected
under vigorous stirring. The reaction was continued for 7 min, and
then the flask was transferred to an ice bath.* Five milliliters of the
15 nm gold nanoparticles was set aside for preparation of larger gold
nanoparticles. The remainder was concentrated via centrifugation
after the addition of Tween 20 to a final concentration of 0.05 w/v%.
In the second stage, 60 and 100 nm gold nanoparticles were prepared
by seed-mediated growth.* Specific reagents are outlined in Table 1.
Reagents were added to a 250 mL Erlenmeyer flask, in a left-to-right
sequence, and the reaction was allowed to proceed overnight at room
temperature.

Synthesized nanoparticles were washed three times via centrifugation
with a citrate buffer (0.1 mg/mL sodium citrate + 0.05 w/v% Tween 20).
In order to minimize serum protein adsorption and maximize stability
under culture conditions, all three sizes of nanoparticles were PEGylated
using a density of 6 PEG molecules/nm® nanoparticle surface area
(85:15 ratio of S kDa sulthydryl-mPEG/10 kDa sulfhydryl-aminePEG;
Laysan Bio MPEG-SH-5000, NH,PEG-SH-10000). Ligand exchange
was carried out at 60 °C for 30 min. PEGylated particles were washed
three times using the citrate buffer and then resuspended in a sodium
bicarbonate buffer for dye conjugation (0.5 M, pH 8.5). In order to
measure gold nanoparticle uptake via flow cytometry, Alexa Fluor 750
succinimidyl ester (Invitrogen A-20011) was added in a 1:1 ratio with
the amine-PEG. Conjugation took place overnight at 4 °C. Excess dye
was then removed via two washes in 1X PBST followed by two
additional washes in 1X PBS. Gold nanoparticle characterization was
carried out via standard techniques. Concentration was determined via
UV-—visible spectrophotometry (Shimadzu UV-1601PC). Core and
hydrodynamic diameters were measured by transmission electron
microscopy (FEI Tecnai 20) and dynamic light scattering (ZetaSizer
Nano ZS, Malvern Instruments), respectively. Surface charge was
determined via {-potential measurements (1X HEPES buffer, pH 7.4,
ZetaSizer Nano ZS, Malvern Instruments). Successful dye conjugation
was confirmed by overlapping bright-field and fluorescent bands on
agarose gel electrophoresis (0.7% agarose, 135 V X 30 min; Kodak
in vivo multispectral imaging system (Carestream Health; 750ex/
830em) (Figure 1). The Kodak in vivo imager was also employed to
determine the per particle fluorescence for each gold nanoparticle size.

Functionalization and Characterization of Fluorescent Silica
Nanoparticles. The 100 nm amine-terminated silica nanoparticles
were purchased from Nanocomposix (cat# SIAN100), washed twice in
1X HEPES buffer to remove ethanol, and then functionalized with 5§ kDa
methoxy-poly(ethylene glycol)-succinimidyl valerate (Laysan Bio, cat#
PG1-SVA-Sk) at a density of S PEG/nm” nanoparticle surface area.
Functionalization was carried out at 37 °C for 4 h. Silica nanoparticles
were then rendered fluorescent by adding Alexa Fluor 750 succinimidyl
ester (Invitrogen, cat# A-20011) at a density of 1.8 fluorophores/nm?
nanoparticle surface area. Dye conjugation was carried out at room
temperature for 4 h. Nanoparticles were then purified by two washes in
autoclaved 1X PBS with 0.05% Tween 20 followed by two washes in
autoclaved 1X PBS (centrifugation at 3000g X 30 min at 4 °C). Silica
nanoparticles were characterized as described for fluorescent gold
nanoparticles (see Figure S$13).

Isolation of Mononuclear Cells from Human Blood. Whole
blood was collected from healthy human volunteers into Vacutainer
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tubes containing the anticoagulant ACD (BD Vacutainer Systems).
Samples were collected with appropriate institutional ethics approval
from the University Health Network (REB# 14-7425-AE). Peripheral
blood mononuclear cells (PBMC) were isolated from blood by gradient
centrifugation in Ficoll-paque Plus (GE Healthcare) and cryopreserved
for future use.

In Vitro Macrophage Polarizations. Monocytes were purified
from cryopreserved PBMC using the negative-selection-based mono-
cyte isolation kit II (Miltenyi Biotec, Auburn, CA) to a purity of 80%
(enriched from 10 to 15%). Cryopreserved monocytes were used for the
sake of synchronizing experiments, so that there could be a matched,
unpolarized monocyte control for each monocyte-derived macrophage
experiment. Affinity-purified monocytes were resuspended in RPMI
(Sigma-Aldrich) supplemented with 10% human serum (Sigma-
Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich) and plated
on a collagen-coated 12-well plate (Fisher Scientific) at a seeding density
of 1 X 10° cells/well. A parallel incubation procedure was followed for
cells seeded onto coverslips for confocal microscopy. Cells were plated
at 37 °C in a humidified incubator with 5% CO, in the presence of
100 ng/mL recombinant human MCSF (R&D) for 6 days. Cells were
then polarized for an additional 24 h with the following five human
cytokine cocktails:'* ™' cocktail 1 (M1), 25 ng/mL IFN-y (Peprotech)
and 1 pg/mL LPS (Sigma); cocktail 2 (M2), 25 ng/mL IL-4 (R&D)
and 25 ng/mL IL-10 (Biolegend); cocktail 2 (M1), cocktail 3 (M2a),
25 ng/mL IL-4 and 25 ng/mL IL-13(Biolegend); cocktail 4 (M2b),
100 ng/mL LPS, 25 ng/mL IL-1b (Biolegend); cocktail S (M2c),
25 ng/mL TGF-f (Biolegend), 25 ng/mL IL-10 (Biolegend).

Nanoparticle Uptake Experiments. Nanoparticle stock solutions
were diluted in autoclaved 1X PBS and added to existing media. Doses
for 15, 60, and 100 nm fluorescent gold nanoparticles and 100 nm silica
nanoparticles were normalized to total nanoparticle surface area per
well. Cells were exposed to 1.06 X 10'* nm?/well of each nanoparticle
size for a total of 4 h (rationale for nanoparticle dose selection shown in
Figure S1). A time-course experiment for TEM evaluation of uptake was
carried out (incubation times of 30 min, 2 h, and 4 h). A time-course
experiment measuring 15, 60, and 100 nm AuNP uptake by M1- and
M2c-polarized macrophages via flow cytometry was carried out
(incubation times of 2, 4, 8, and 24 h). At the designated time points,
cells were washed with 1X PBS to remove non-adherent nanoparticles,
collected with 0.25% trypsin (Life Technologies), and stained for
multicolor flow cytometry as described below. Cells used for imaging
were washed, stained, fixed, and imaged as described in the Confocal
Microscopy section. An Annexin-V/7’AAD stain was employed to
demonstrate that 60 and 100 nm NPs were not cytotoxic during a 4 h
incubation. Results are reflective of at least three replicates.

Since analysis of nanoparticle uptake by flow cytometry measures
uptake of the fluorophore grafted to the nanoparticle surface instead of
the nanoparticle itself, control experiments comparing flow cytometry to
ICP-MS were conducted. For these studies, we used two approaches:
(1) an immortalized murine macrophage cell line (RAW 264.7; ATCC
TIB-71) and (2) primary human M2c-polarized macrophages. RAW
264.7 cells or M2c-polarized human macrophages were maintained in
culture using DMEM with 10% FBS and 1% penicillin/streptomycin.
Cells were seeded into 6-well plates (2 X 10° cells/well) and allowed to
adhere overnight. Plates were prepared in duplicate, with one analyzed
for uptake with flow cytometry and the other analyzed for uptake with
ICP-MS. The 15 nm/60 nm/100 nm fluorescent gold nanoparticles
were added to the wells in RAW 264.7 cell-seeded plates, and 100 nm
NPs were tested in human M2c macrophage-seeded plates due to
limited availability of primary human cells. As before, the dose for each
size was normalized to total nanoparticle surface area per well. Doses for
RAW 264.7 cells ranged between 1.33 X 10" and 4.25 X 10"* nm? per
well in 2-fold increments. The dose for human M2¢ macrophages ranged
from 1.33 X 10" to 1.06 X 10'* nm? per well. The RAW 264.7 cell plates
and the primary human macrophage plates were returned to the
incubator for 4 h, after which the wells were washed three times with 1Xx
PBS to remove any adherent nanoparticles, and cells were collected and
processed as described for each analytical technique.

Inductively Coupled Plasma Mass Spectrometry. Uptake of
1S nm/60 nm/100 nm fluorescent gold nanoparticles by RAW
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264.7 cells or human M2c macrophages was determined using ICP-MS
following described methodology.41 In this approach, calibration curves
were first constructed correlating gold content with nanoparticle
number and magnesium content with cell number. Nanoparticle-treated
cells were then analyzed for gold and magnesium content to determine
the number of nanoparticles per cell for each nanoparticle size and dose.
For these experiments, cells were treated with 15 nm/60 nm/100 nm
fluorescent gold nanoparticles as described above, washed thoroughly
with 1X PBS, and then frozen at —20 °C until the day of ICP-MS analysis.
On the day of ICP-MS analysis, samples were digested using a solution of
2.0 v/v% HNOj; and 0.5 v/v% HCI in nanopure water (60 °C x 1 h).
Samples were then diluted to a final volume of 5 mL in nanopure water
and analyzed using a NexION ICP-MS (PerkinElmer). Data analysis
was performed using Syngistix software (PerkinElmer).

Human Kupffer Cell Experiments. Human liver tissue was
obtained from livers procured from deceased donors deemed acceptable
for liver transplantation. Samples were collected with appropriate
institutional ethics approval from the University Health Network (REB#
14-7425-AE). Donor livers were perfused in situ with cold histidine—
tryptophan—ketoglutarate (HTK) solution. The donor liver caudate
lobe was resected and stored in HTK solution on ice before cell
isolation. Single-cell isolation from the resected caudate liver lobe was
performed with a “two-step” collagenase procedure.*” Gas containing
95% O,/5% CO, was used to oxygenate all reagents before perfusing the
liver tissue. Two or three irrigation cannulae with olive tips were inserted
into the cut surface of the liver lobe. The lobe was then perfused with
Hank’s balanced salt solution (HBSS) with calcium chloride dehydrate
0.5 uM followed by perfusion with collagenase plus neutral protease
(VitaCyte cat# 001-2030 and 003-1000) according to the manufac-
turers’ suggested protocol. Perfusion was carried out in a recirculation
manner for 15—20 min or until the liver appeared to break apart slightly
under Glisson’s capsule. The digested lobe was placed on a crystallizing
dish containing 100—200 mL of HBSS with 0.1% human albumin
(Sigma). A scalpel was used to cut through the tissue and release cells
contained within. Liver homogenate was filtered through nylon mesh
followed by a centrifugation at 72g for S min at 4 °C to remove
undigested and connective tissues. The liver cell pellet was washed twice,
and cells were resuspended in HBSS with 0.19% human albumin for
fractionation. Eight to 12 million viable cells were recovered per gram of
tissue yield, as determined by the Beckman ViCell trypan blue system.
Caudate lobes were, on average, 15—20 g. Liver cells were centrifuged
twice at 50g for 3 min (4 °C). The supernatant was centrifuged at 650g
for 7 min (4 °C). The pellet (containing nonparenchymal cells) was
collected, resuspended in 10 mL of HBSS, and layered onto a 50%/25%
two-step Percoll gradient in a 50 mL conical tube. The tube was
centrifuged at 1800g X 15 min (4 °C) with the brake off. Four distinct
zones resulted from this step. The supernatant containing mostly debris
was discarded. The underlying zone was enriched in endothelial cells
and lymphocytes. The subsequent zone was enriched in Kupffer cells
and was retrieved. Cell viability and counts were determined using a
Vi-CELL cell viability analyzer (Beckman Coulter) and were
between 80 and 90% viable. The yield of Kupffer cells was between
2 and 4 X 10° cells per gram of tissue. Cells from the Kupffer-cell-
enriched fraction were seeded into 12-well plates (1 X 10° cells/well)
and allowed to adhere for 48 h. Kupfter cells were then incubated with
the five M1 or M2 macrophage skewing cocktails as described above and
incubated with 15, 60, or 100 nm fluorescent gold nanoparticles at a
surface-area-normalized dose of 1.06 X 10'* nm?*/well for 4 h.

Multicolor Cytokine Flow Cytometry. Cells were lifted from wells
with 0.25% trypsin (Gibco). Fc receptors were blocked with human
TruStain FcX (Biolegend) for 10 min at room temperature. Surface
phenotype was assessed by incubation of 10° cells with fluorophore-
conjugated monoclonal antibodies to the following human cell-surface
markers: anti-CD68-Alexa Fluor 488 (Biolegend Clone: Y1/82A), anti-
CD163-Alexa Fluor 647 (Biolegend Clone: GHI/61), anti-CD2S-PE/
Dazzle 594 (Biolegend Clone: M-A251), anti-CD209 (DC-SIGN)-PE/
Cy7 (Biolegend Clone: 9E9A8), anti-CD14-Pacific Blue (Biolegend
Clone: HCD14), anti-CD206-phycoerythrin (Biolegend Clone: 15—2),
anti-CD86-PerCP/CyS.S (Biolegend Clone: IT2.2), anti- HLA-DR-AF700
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(Biolegend Clone: L243). Cells were washed and fixed with BD
cyotofix/cytoperm fixation buffer (BD Biosciences).

Intracellular Cytokine Staining. Nanoparticle-treated and control-
treated monocytes and monocyte-derived macrophages were stimulated
for 6 h with 1 ug/mL LPS (Sigma) in the presence of brefeldin A and
monensin (1:1000) (BD Biosciences); CD68 surface-labeled cells were
fixed and then washed with perm/wash buffer (BD Biosciences), and
intracellular cytokine staining was performed using the following
anti-human antibodies: anti-IFN-y-AF700 (BD), anti-TNF-a-PE/Cy7
(Biolegend Clone: MAb11), anti-IL12/23p40-AF647 (Biolegend Clone:
C11.5), anti-IL-6-Pacific Blue (Biolegend Clone: MQ2—13AS), anti-IL-
10-PerCp/CyS.S (Biolegend Clone: JES3-9D7).

Cytotoxicity Staining. Macrophage viability after NP treatment was
measured using Annexin-V-Pacific Blue (Biolegend: cat# 640918) and
7-AAD (Biolegend: cat# 420403) stains.

General Gating Strategy. Using forward versus side scatter,
macrophages were separated from debris by flow cytometric analysis.
Singlets were defined as having similar area and height measurements in
forward scatter (FSC-A vs FSC-H).* Gating for intracellular cytokine
staining was calculated based on fluorescence-minus-one (FMO) con-
trols. Compensation calculations were performed using BD CompBeads
(BD Pharmingen) singly stained with fluorophore-labeled antibodies
used in the assay. Events were acquired with a BD LSRFortessa (BD
Biosciences). When possible, a total of 20 000 events were collected and
analyzed with FlowJo software (Tree Star, Inc.). Data were analyzed,
and differences were determined using GraphPad Prism 6 software
(GraphPad Software Inc., San Diego, CA).

Phagocytosis Assay. Alexa-594-conjugated Escherichia coli bio-
particles (Molecular Probes/Invitrogen) were added at a concentration
of 10 X 10° bioparticles per well (1 X 10° cells per well) in M1- or M2c-
polarized macrophage cultures that were either treated with 100 nm gold
nanoparticles or a control vehicle. M1- and M2c-polarized cells were tested
as they showed the lowest and highest uptake of nanoparticles, respectively.
Cells were left for 60 min. After being washed, macrophages were stained
with anti-human CD68 and double-positive cells were quantified by flow
cytometry. The assay was repeated for M1 and M2c cells seeded onto
collagen-coated coverslips and analyzed via confocal microscopy.

Confocal Microscopy. Macrophages were plated onto collagen-
coated coverslips, and assays were performed as detailed above. They
were then washed, the nucleus stained with Hoechst 33342 (2 pug/mL;
Invitrogen H1399), fixed (4% paraformaldehyde X 10 min), and
mounted onto standard microscope slides using ProLong gold antifade
mountant (Invitrogen P36930). Cells were imaged using the Olympus
FluoView 1000 laser scanning confocal (Olympus America, Melville,
NY). Images were acquired with the PlanApo 60X oil objective
(NA 1.4). Image processing was performed using Image].

Transmission Electron Microscopy. Fresh monocytes and macro-
phages were pelleted (1 X 10° cells/pellet), fixed in 2% glutaraldehyde in
0.1 M sodium cacodylate buffer, and stored at 4 °C until sectioning. To
prepare the grids, cells were rinsed in buffer, fixed in 1% osmium
tetroxide in buffer, dehydrated in a graded ethanol series followed by
propylene oxide, and embedded in EMBed812 resin. Cells were stained
with uranyl acetate and lead citrate. Sections 100 nm thick were cut on
an RMC MT6000 ultramicrotome and viewed in an FEI Tecnai 20
TEM. Tissue preparation and imaging were performed at the Advanced
Bioimaging Centre, Mount Sinai Hospital, Toronto, Canada.

Statistical Analysis. All data were analyzed using Graphpad
Prism version 5.0 software (GraphPad Software, San Diego, CA). For
nanoparticle-positive cells, statistical differences were calculated using
one-way ANOVA with Bonferroni’s multiple comparison post-test.
Differences in MFI were calculated using the student’s two-tailed t test.
Differences in cytokine secretion with or without AuNP exposure was
calculated using the paired student’s ¢ test. Correlations were described
using the Spearman’s rank correlation coefficient.
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