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C
oncern over the potential health im-
pacts of engineered nanoparticles
(ENPs) is due in part to our limited

knowledge of how ENPs interact with cells
and the subsequent biological pathways
impacted. With the rapid emergence of a
growing diversity of ENPs and increased
importance placed on in vitro test systems
for nanotoxicology, the appropriate selec-
tion of biological end points for use in
hazard analysis becomes essential. Fre-
quently however, the primary focus of nano-
toxicity studies is on measures of the
direct cytotoxic or pro-inflammatory effects

of ENPs. This targeted approach supports
the need for rapid hazard screening,1 but
sheds limited insight into the much broader
array of biological pathways that may be
impacted by ENPs. In fact, genomic studies
have shown that even ENPs that are often
categorized as biologically inert can alter
cellular expression of hundreds of gene
products.2,3 Such effects on gene expres-
sion may not manifest with immediate and
observable phenotypic changes, but could
influence the ability of cells to adapt and
respond to additional environmental stressors.
The indirect consequencesof ENPexposureon
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ABSTRACT Although the potential human health impacts from

exposure to engineered nanoparticles (ENPs) are uncertain, past

epidemiological studies have established correlations between exposure

to ambient air pollution particulates and the incidence of pneumonia

and lung infections. Using amorphous silica and superparamagnetic iron

oxide (SPIO) as model high production volume ENPs, we examined how

macrophage activation by bacterial lipopolysaccharide (LPS) or the lung

pathogen Streptococcus pneumoniae is altered by ENP pretreatment.

Neither silica nor SPIO treatment elicited direct cytotoxic or pro-

inflammatory effects in bone marrow-derived macrophages. However, pretreatment of macrophages with SPIO caused extensive reprogramming of nearly

500 genes regulated in response to LPS challenge, hallmarked by exaggerated activation of oxidative stress response pathways and suppressed activation of both

pro- and anti-inflammatory pathways. Silica pretreatment altered regulation of only 67 genes, but there was strong correlation with gene sets affected by SPIO.

Macrophages exposed to SPIO displayed a phenotype suggesting an impaired ability to transition from an M1 to M2-like activation state, characterized by

suppressed IL-10 induction, enhanced TNFR production, and diminished phagocytic activity toward S. pneumoniae. Studies in macrophages deficient in scavenger

receptor A (SR-A) showed SR-A participates in cell uptake of both the ENPs and S. pneumonia and co-regulates the anti-inflammatory IL-10 pathway. Thus,

mechanisms for dysregulation of innate immunity exist by virtue that common receptor recognition pathways are used by some ENPs and pathogenic bacteria,

although the extent of transcriptional reprogramming of macrophage function depends on the physicochemical properties of the ENP after internalization. Our

results also illustrate that biological effects of ENPs may be indirectly manifested only after challenging normal cell function. Nanotoxicology screening strategies

should therefore consider how exposure to these materials alters susceptibility to other environmental exposures.

KEYWORDS: nanotoxicology . macrophage . iron oxide . amorphous silica . Streptococcus pneumoniae . lipopolysaccharide .
scavenger receptor
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the susceptibility of biological systems to other envir-
onmental agents are a poorly understood aspect of
nanotoxicology.
Although adverse humanhealth effects of ENPs have

not been clearly documented, prior epidemiological
studies have established correlations between human
exposure to ultrafine ambient particulates and increased
mortality, particularly among elderly individuals.4�8 Esca-
lated hospitalization rates associatedwith spikes in urban
air pollution have been associated with increased inci-
dence of secondary lung infections.6,8 Indeed, a recent
two-year case control study found exposure to ambient
particulates with diameters less than 2.5 μm (PM2.5) was
associated with increased hospitalization rates for com-
munity-acquiredpneumonia.9 Thesefindings and related
studies in rodents that show exposure to air pollution
particles increases susceptibility to lung infection10�12

suggest particulate exposure may be a contributing risk
factor for the overall rising incidence of pneumonia
observed in the United States.13 Similar studies with
engineered materials are limited, but two studies have
reported that exposure of mice to nanomaterials that
alone cause pulmonary damage impairs lung clearance
of bacteria.14,15 Macrophage cytotoxicity, diminished
phagocytic capability, and altered macrophage innate
immune signaling have all been hypothesized as poten-
tial mechanisms for these interactions.14�16

The potential for biological interactions between
ENP and pathogen exposures should not be unantici-
pated, since macrophages have evolved conserved
mechanisms for recognition and removal of “nonself”
entities. Our previous work3,17,18 suggests that macro-
phages recognize and respond to ENPs using common
core signaling modules and receptor pathways that
evolved for purposes of pathogen detection. For in-
stance, through analysis of transcriptomic studies, we
identified a core transcriptional response module that
macrophages use to respond to both ENPs and Sal-

monella infection.17 More recently, we found that that
cellular uptake of some anionic ENPs is mediated
through the class A macrophage scavenger receptor
(SR-A, CD204),18 a transmembrane glycoprotein whose
natural ligands also include bacterial cell wall compo-
nents and structurally altered lipoproteins.19�21 In mice,
deficiency of SR-A results in impaired clearance of bacter-
ia and increased susceptibility to infection.22,23 SR-A may
also cooperate with toll receptors to regulate inflamma-
tory signaling,24 although conflicting reports exist. Some
studies report SR-A confers resistance to lipopolysacchar-
ide (LPS)-induced lethality in mice,23,25,26 whereas others
report SR-A exacerbates LPS-mediated inflammation and
endotoxic shock.27,28

In this study, we examined how the phenotype and
innate immune signaling response of macrophages
challenged with LPS or bacterial pathogen is impacted
by previous exposure to ENPs. We hypothesize that
prior exposure to ENPs would alter the functional

phenotype of macrophages and their ability to phago-
cytose bacteria and that transcriptomic profiles can be
used to identify these phenotypic consequences. Silica
and superparamagentic iron oxide (SPIO) were chosen
as experimental ENPs because they representmaterials
produced in high volumes, and we have found these
ENPs gain entry into macrophages through the SR-A
phagocytic pathway.18,29 Our studywas alsomotivated
in part by early work that demonstrated that poorly
soluble particles accumulate in macrophages after in-
halation and can be retained in the lung for prolonged
periods.30,31 Our results illustrate that exposure to ENPs
that have no cytotoxic or proinflammatory effects alone
can significantly disrupt macrophage gene regulation,
activation, and phagocytic activity toward pathogens.
The similarities in the pathways macrophages use to
recognize and internalize ENPs and pathogenic bacteria
can create potential mechanisms whereby ENPs dysre-
gulate cellular innate immune responses.

RESULTS AND DISCUSSION

Nanoparticles and Characterization. Fluorescent amor-
phous silica and superparamagnetic iron oxide nano-
particles, both generally considered low-toxicity
materials, were chosen as experimental proxies for a
broader group of poorly soluble low-toxicity ENPs that
have widespread and high-volume use in occupational
settings. The physicochemical properties of the ENPs
when suspended in medium used for cellular studies
are provided in the Supporting Information, Table S1.
Transmission electron microscopy showed the SPIO
particles had a primary diameter of 13 nm, compared
to 50 nm for silica. Zeta potentiometry conducted at
100 μg/mL concentrations showed SPIO and silica
particles had similar net zeta potentials in complete
cell culture medium of �21.9 and �23.5 mV, respec-
tively. Dynamic light scattering analysis indicated the
SPIO particles agglomerated to a greater extent than
silica particles in water (453 nm, 87 nm, respectively).
When SPIO particles were suspended in medium sup-
plementedwith serumproteins however, their average
hydrodynamic diameter was reduced to 274 nm. Both
particle types were found to be free of endotoxin
contamination (<0.01 EU/mL). Cytotoxicity studies
were also conducted in bone marrow-derived macro-
phages following 24 h exposure to the ENPs. ELISA
analysis of cellular LDH enzyme leakage showed that
neither SPIO nor silica ENPs caused significant cyto-
toxicity, even up to concentrations of 200 μg/mL (see
Supporting Information, Figure S1).

Impact of ENPs and LPS on Macrophage Gene Regulation. To
investigate how the phenotype of macrophages that
have engulfed ENPs differs from untreated macro-
phages, we conducted Affymetrix microarray studies
to identify the gene regulatory pathways affected by
the ENPs. Mouse bone marrow-derived macrophages
were used as an experimental model since, similar to
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alveolar macrophages,22 these cells express high levels
of class A scavenger receptors including SR-A and
MARCO, and high cell yields needed for large-scale
transcriptomics are readily obtained. To mimic poten-
tial occupational exposure scenarios, the experimental
design involved pretreatment of macrophages with
the ENPs (25 μg/mL, 24 h), followed by removal of
residual ENPs and acute challengewith the TLR4 ligand
and surrogate bacterial stimulus, lipopolysachharide
(10 ng/mL, 4 h). The 4 h challenge time was chosen
based on preliminary studies that showed many of the
pro-inflammatory gene expression responses peak
between 2 and 6 h after LPS treatment (not shown).
Microarray analysis revealed a total of 1029 and 67
genes that were differentially expressed (p < 0.05, 1.5-
fold change) inmacrophages treatedwith SPIO or silica
alone, respectively, compared to controls (Table 1),
demonstrating that SPIO exposure had amuch greater
impact on basal transcription in macrophages at these
exposure concentrations. Consistent with previous
reports,32�34 LPS challenge alone produced a robust
transcriptional response, with 5027 genes differentially
expressed compared to untreated controls (p < 0.05,
1.5-fold change) (Table 1). Using MetaCore, we deter-
mined the biological processes that were significantly
overrepresented by the gene expression profiles for
each treatment group (see Supporting Table S2). The
most significant biological processes up-regulated by
LPS in macrophage cells were associated with inflam-
mation and immune response, including interferon
signaling, innate inflammatory response, lymphocyte
proliferation, phagocytosis, and IL-10, TCR (T-cell
receptor), TREM1 (triggering cells expressed on mye-
loid cells 1), MIF (macrophage migration inhibitory
factor), IFN-gamma, and IL-6 signaling. Other processes
significantly (p < 0.01) down-regulated by LPS expo-
sure included those associated with DNA damage, cell
cycle, WNT signaling, circadian rhythm, and the lacto-
sylceramide pathway. These biological processes are
similar to those previously described for LPS treat-
ment.33,34 Overall, the activation of inflammatory and
immune response processes was unique to the LPS
treatment group. No enrichment of these processes
was observed for genes that were up-regulated by
either the SPIO or silica pretreatments. In addition,
common gene markers associated with pro-inflamma-
tory activation of macrophages, such as TNFR, IL-12R,
and IL-6, were not significantly altered by either SPIO or
silica pretreatments alone.

Among the 1029 genes differentially expressed in
macrophages after SPIO treatment, 515 genes (50%)
were up-regulated and 514 genes were down-regu-
lated, indicating that specific biological processes were
impacted by exposure and that the ENPs did not simply
cause a general repression of transcription (Figure 1A).
Although silica treatment altered expression of fewer
genes (67), over 65%of thesegeneswerealso significantly

altered by SPIO treatment and the remaining genes
followed a similar expression trend to that found for SPIO.
To identify the potential biological consequences of ENP
exposure in macrophages, we calculated the enrichment
of biological and metabolic pathways separately for the
genes that were up- or down-regulated by SPIO or silica
treatment, as an indicator of whether these processes
were enhanced or suppressed after treatment. A table of
all significant processes (p < 0.01) associated with ENP
treatment is shown in Figure 1C. Most of the processes
significantly affectedbysilica treatmentarealso significant
for SPIO, supporting the overlap observed in gene regula-
tion between the treatments, and include processes for
cell adhesion, chemotaxis, and blood coagulation. Pro-
cesses that were uniquely up-regulated by SPIO but not
silica include those associated with hypoxia and oxidative
stress and several lipid metabolic pathways. Processes
down-regulated by SPIOwere instead associatedwith cell
cycle, cell adhesion, inflammation, and immune response.
In fact, several of the inflammation-related processes that
were significantly up-regulated by LPS were down-regu-
latedby SPIOpretreatment, including interferon signaling,
MIF signaling, leukocyte chemotaxis, and Th17-derived
cytokine response (Figure 1C and Supporting Table S2). In
particular, the decrease in the interferon signaling process
by SPIO was due to significant down-regulation of inter-
feron stimulatory genes and regulatory factors (Isg15,
Isg54, Ifi44, Irf7,Gbp2), IL-1beta, IL-21 receptor, andseveral
chemokines (Ccl12 and Ccl7), which were stimulated by
LPS. These data suggest that SPIO treatment in macro-
phage cells leads to decreased cell proliferation and
interferon-dependent activation and stimulates lipid bio-
synthesis and oxidative stress response signaling. The
enhanced oxidative stress response is mediated through
transcriptional up-regulation of antioxidant enzymes
such as catalase, thioredoxin reductase, peroxiredoxin-6,

TABLE 1. Summary of Differentially Expressed Genes in

Mouse Bone Marrow-Derived Macrophages Following

Exposure to SPIO, Silica, or LPS

pretreatment challenge

DE genesa vs

control

DE genesa vs

LPS (GTA)b

none none
silica (25 μg/mL) none 67
SPIO (25 μg/mL) none 1029
none LPS (10 ng/mL) 5027
silica LPS 4954 44 (15)
SPIO LPS 5483 1044 (499)

union 6831 1058 (503)

a Differential expression (DE) criteria of p < 0.05 and 1.5-fold change compared to
control or LPS alone. Significance was calculated by ANOVA with unequal variance
and Tukey's post hoc test (p < 0.05) and false discovery rate calculation. b Greater-
than-average (GTA) responses were identified by transforming the data to account
for the magnitude of change induced by the ENP alone prior to statistical
comparison with LPS. These genes show a magnitude of change in the combined
pretreatment/challenge groups that is greater than would be predicted by the sum
of the individual treatments.
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glutatamate, and glutathione-s-transferases A3 (Gsta3)
and Mu2 (Gstm2).

ENP Pretreatment Selectively Shifts the LPS-Regulated In-
flammatory Responses. We next examined the subset of
genes whose regulation in response to LPS challenge
was specifically modulated by ENP pretreatment.
Among the total genes whose expression was altered
in the ENP-LPS treatment groups (e.g., ENP pretreat-
ment followed by LPS challenge), we identified 1044
(SPIO-LPS) and 44 (silica-LPS) genes that were statisti-
cally different (p< 0.05) when compared to LPS treatment
alone. Furthermore, approximately 50%of thegenes (499/
1044) regulated by SPIO-LPS (Table 1, Figure 2) showed
response patterns that would not have been predicted by
examination of transcriptional responses to either agent
alone,whichwedefineas “greater thanadditive”behavior.
In comparison with SPIO, pretreatment of cells with silica
resulted in very few changes in LPS-mediated gene
regulation; however, the datawere significantly correlated
(p < 0.0001, Spearman r = 0.707), with over 68% of the
genes differentially expressed in the silica-LPS group over-
lappingwith the SPIO-LPS group, again suggesting similar
mechanisms by which ENP exposures modulate LPS-
mediated signaling. Hierarchical clustering of the data
(Figure 2A) illustrates the dramatic shift in the transcrip-
tional response to LPS in SPIO-pretreated macrophages.
Genes that followed interesting trends suggesting co-
regulation of LPS signaling by SPIOwere further identified
usingk-meansclustering(for full list, seeSupportingTableS3).

In some cases, the induction or suppression of genes
by LPS was completely blocked in macrophages pre-
treatedwithSPIO (Figure2B, clusters 3and4, respectively).
For example, transcriptional signaling through the CREM
(cAMP response element modulator) pathway, the lyso-
phosphatidic acid pathway, and several inflammatory
response pathways induced by LPS alone was repressed
by pretreatment with SPIO, despite the fact that the ex-
pression of genes in these pathways was not significantly
affected by SPIO treatment alone (Figure 2B, cluster 3).
Genes uniquely regulated (both up and down) in the
combined treatments were also identified and suggest
unique regulation of apoptotic signaling and antigen
presentation processes by the combined SPIO-LPS treat-
ment group that was not observed for either treatment
alone (Figure 2B, clusters 1 and 2).

Further evaluation of the 499 genes that were
statistically different between SPIO-LPS and LPS alone
(“greater-than-additive gene set”) identified several
LPS-regulated processes that were enhanced by SPIO
pretreatment, including oxidative/nitrative stress re-
sponse, cholesystokinin signaling, and cell adhesion
(Figure 2C, orange bars). In contrast, the expression of
genes associatedwith inflammation-related processes,
including leukocyte chemotaxis, interferon signaling,
and Jak-Stat inflammation signaling, was generally
suppressed by SPIO pretreatment (Figure 2C, blue
bars). The only inflammatory signaling process cate-
gory found to be significantly overrepresented in gene

Figure 1. Effects of silica and SPIO ENPs onmacrophage gene regulation. Microarray analysis identified a total of 1052 genes
that were differentially expressed (p < 0.05, 1.5-fold change) between ENP treatments and controls. (A) Bidirectional
hierarchical clustering of all differentially regulated genes. Values are log2 fold-change compared to controls. Green, red, and
black represent down-regulation, up-regulation, and no change in gene expression, respectively. (B) Venn diagram
comparing differentially regulated genes between silica and SPIO treatment groups. (C) Table of all significantly enriched
(p < 0.01) biological and metabolic processes fromMetaCore (GeneGo) for genes that were up-regulated or down-regulated
by SPIO or silica compared to untreated controls.

A
RTIC

LE



KODALI ET AL . VOL. 7 ’ NO. 8 ’ 6997–7010 ’ 2013

www.acsnano.org

7001

data sets that were both up- and down-regulated was
the TREM signaling process. In part, this is due to
overlap among the genes represented in the TREM
process and genes represented in the IL-10 and JAK-
STAT process categories, such as IL-10 (down-regulated)
and TNF and IL-12 (both up-regulated).

SR-A-Dependent Disruption of IL-10 Negative Feedback Sig-
naling. Approximately half (49%) of the genes that
displayed expression patterns that suggest co-regula-
tion (greater than additive response) between SPIO
pretreatment and LPS challengebelong to inflammatory-
related processes (Figure 3 and Supporting Table S4).
The transcriptional response of macrophages to LPS
has been widely investigated and involves not only
stimulation of proinflammatory cytokines but parallel
induction of negative feedback pathways and anti-
inflammatory pathways, which function to self-regu-
late inflammation. Over time these feedback pathways
reprogram the cells to an endotoxin-tolerant state.34,35

Although the transcriptional signature of endotoxin
tolerance varies in different cellular contexts, consistent
features of this phenotype include a decreased produc-
tion of proinflammatory cytokines (e.g., TNFR, IL-12),
stimulation of anti-inflammatory cytokine pathways
(e.g., IL-10, SOCS3), and increased phagocytic activity

following LPS exposure.34,35 Endotoxin tolerance was
recently proposed to represent a distinct state of alter-
native (M2) macrophage activation,34 which is also
characterized by high IL-10, low pro-inflammatory
(TNFR, IL-12) cytokine production, and enhanced pha-
gocytic capability.36 In this context, many of the tran-
scriptional responses to LPS that were modulated in
macrophages pretreatedwith SPIO suggest that amajor
effect of ENP exposure is the selective impairment of
regulatory pathways involved in transition to an endo-
toxin-tolerant or M2-like state. For instance, whereas
LPS-induced expression of anti-inflammatory genes
(IL-10, SOCS1, SOCS3)was inhibited, the inductionof TNFR
and IL-12 mRNA was augmented in SPIO-pretreated cells
compared to LPS alone (Figure 3). Furthermore, the
induction of several cell surface receptors and comple-
ment components involved in macrophage phagocytic
activity following LPS challenge was diminished by SPIO
pretreatment (Figure 3).

Toourknowledge, the suppressionof anti-inflammatory
pathways by ENP exposure has not been previously
reported. Our microarray results are consistent with the
hypothesis that some ENPs may disrupt innate immune
function through dysregulation of normal feedback con-
trol mechanisms. In particular, IL-10 functions as a potent

Figure 2. Pretreatment with SPIO shifts the LPS activation profile of macrophages. Among 1058 genes found to be
differentially expressed in the ENP-LPS treatment groups compared to control, a subset of genes (503) showed a greater
than average gene expression response (p < 0.05), which would not be predicted compared to ENP or LPS exposures alone;
499 genes of these genes were regulated by SPIO-LPS and 15 genes by silica-LPS treatment groups. (A) Heatmap of
hierarchical clustering of all 503 genes. Values represent log2 fold-change for all treatments compared to control. Green, red,
and black indicate down-regulation, up-regulation, and no change in gene expression, respectively. (B) k-Means clustering to
identify processes uniquely activated or repressed by SPIO pretreatment. Data for four selected clusters are shown,
representing 46% (227/499) of the genes regulated by SPIO-LPS treatment. Graphs show average log2 fold-change
expression ( SD for all genes in each cluster for SPIO (squares), LPS (triangles), and SPIO-LPS (circles) treatments. The top
four most significantly enriched (p < 0.05) biological or metabolic processes (MetaCore) are provided for each gene cluster. A
full list of the genes in each cluster is included in Supplemental Table S2. (C) Graph of significantly enriched (p < 0.001)
biological processes (MetaCore) for genes up- or down-regulated by the SPIO-LPS treatment compared to LPS. The dashed
line indicates a significance level of p < 0.05.
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negative feedback inhibitor of transcription of TNFR and
other TH1 cytokines.

37,38 It is noteworthy that the SR-A
gene (MSR1) was previously identified as part of a
candidate susceptibility locus involved in differential
regulation of plasma IL-10 levels among various mouse
strains in response to endotoxin.39 We therefore con-
ducted orthogonal experiments to corroborate the mi-
croarray findings and to investigate whether SR-A is
involved in regulation of the IL-10 pathway by ENPs.
Quantitative RT-PCR analysis of independent biological

samples confirmed the microarray results that pretreat-
ment of macrophages with SPIO caused a dose-depen-
dent suppression of IL-10 induction following LPS
challenge (Figure 4A). Time course studies also demon-
strated that the suppression of IL-10 was not simply due
to a delay in transcription of IL-10, since peak IL-10mRNA
levels occurred at similar times after LPS challenge in
control and SPIO-pretreated cells (Figure 4B). Consistent
with the role of IL-10 as a feedback inhibitor of TNF
transcription,40 we also found that the induction of TNF

Figure 3. Identification of potential co-regulated gene pathways. Heatmap schematic of select genes associatedwith the LPS
inflammatory response that displayed “greater-than-additive”behavior after pretreatmentwith SPIO.Genes thatwere part of
the inflammatory response made up 49% of the total genes in the SPIO-LPS greater-than-additive data set recognized for
analysis in ingenuity pathway analysis (Ingenuity Systems). Values in the heatmap represent z-scores calculated across the
treatment groups, with blue coloring indicating relative down-regulation and yellow representing relative up-regulation. A
full list of the inflammatory response genes is available in the Supporting Information, Table S4.
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mRNAbyLPS (measuredat 4h)was augmented in adose-
dependent manner by SPIO pretreatment (Figure 4C).
Although peak TNFmRNA induction (1 h) was diminished
in SPIO-pretreated cells, there was a slower decay of TNF
mRNA levels in SPIO-pretreated cells compared with cells
receiving LPS alone, resulting in overall elevated TNF
mRNA from 2 to 8 h after LPS stimulation (Figure 4D).

We confirmed the mRNA results by ELISA analyses
of secreted IL-10 and TNFR protein. In macrophages
derived from wild-type (SR-Aþ/þ) mice, pretreatment
with either SPIO or silica ENPs also inhibited the
secretion of IL-10 protein, although greater inhibition
occurred with SPIO (Figure 5). In macrophages derived
from SR-A(�/�) mice however, LPS-stimulated IL-10
protein secretion was reduced to less than half that
observed in wild-type macrophages (without ENP
pretreatments), and no further inhibition of IL-10 se-
cretion was caused by ENP pretreatment. In concur-
rence with the mRNA results, we found that levels of
secreted TNF protein after LPS challenge were also
augmented in wild-type macrophages by pretreat-
ment with SPIO (Figure 5). In contrast, lower levels of
TNF were secreted in response to LPS in SR-A-deficient
macrophages, and the enhanced TNF secretion caused
by SPIO pretreatment observed in wild-type macro-
phages was also abolished. Pretreatment with silica
ENPs was not sufficient to stimulate LPS-mediated TNF
secretion in wild-type macrophages. This result may

reflect the fact that IL-10 protein is exceedingly potent
at suppressing TNF synthesis,37 and the amorphous
silica used in these studies was less effective than SPIO
in blocking IL-10 induction. Thus, while pretreatment
with silica caused a similar SR-A-dependent trend in
IL-10 regulation to that for SPIO, the smaller reduction
in IL-10 protein levels caused by silica may not be
sufficient to alter its effectiveness as a feedback in-
hibitor of TNF production.

Cellular Reprogramming of Macrophage Phagocytic Activity.
It is well documented that secreted IL-10 stimulates
macrophage phagocytic activity, opposing the inhibitory
effects of exogenousTNFRonbacterial phagocytosis.41,42

We conducted additional experiments to determine
whether these altered patterns of gene regulation were
associated with functional changes in the ability of the
cells to recognize and phagocytize pathogens and to
investigate whether SR-A was involved in regulating
these processes. An experimental protocol similar to
the microarray studies was used, where macrophages
isolated from wild-type or SR-A-deficient mice were pre-
exposed to either silica or SPIO and after removal of ENPs
were challenged for 2hwith Streptococcuspneumoniae,a
model pathogen and the leading cause of community-
acquired pneumonia.9 Flow cytometry analysis showed
that pretreatment of wild-type macrophages with SPIO
caused an ENP dose-dependent suppression of bacterial
phagocytosis (Figure6A).Maximal inhibitionofphagocytosis

Figure 4. SPIO pretreatment disrupts the IL-10/TNFR feedback loop. Wild-type macrophages were pretreated with the
indicated concentrations of SPIO for 24 h, then challenged with LPS (10 ng/mL). Quantitative RT-PCR analysis was used to
measure the relative levels of IL-10 and TNFR mRNA expression either 2 h (A, C) or at the times indicated (B, D) after LPS
challenge. Results are mean ( SD of at least three biological replicates.
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was achieved in cells pretreated with∼25 μg/mL SPIO,
corresponding to ∼50% of the activity observed in
control cells without ENP pretreatment. In contrast,
pretreatment with up to 100 μg/mL silica ENPs for 24 h
did not significantly reduce the number of total pha-
gocytosed bacteria (Figure 6A). We also observed a
40% reduction in bacterial uptake in untreated cells

derived from SR-A(�/�) mice compared to wild-type
controls, indicating that loss of SR-A expression alone
was sufficient to reduce phagocytic activity. These
results confirm a previous report that SR-A is involved
inmacrophage recognition of S. pneumonia.22 Although
SPIO pretreatment caused a strong dose-dependent
reduction in bacterial uptake in wild-typemacrophages,

Figure 5. SR-A-dependent regulation of the IL-10 feedback pathway. Macrophages isolated from either wild-type or
SR-A-deficient mice were pretreated with SPIO or silica ENPs (25 μg/mL, 24 h) and then challenged with LPS. At 6 h following
addition of LPS, the amount of secreted IL-10 or TNF proteinwas determined by ELISA analyses. N.D. indicates not detectable.

Figure 6. Effects of ENP pretreatment on macrophage phagocytosis of S. pneumoniae. (A) Macrophages from wild-type or
SR-A-deficient micewere pretreatedwith the indicated concentrations of SPIO or silica ENPs for 24 h, followed by 2 h challenge
with S. pneumonia (MOI = 10). Flow cytometry was used to measure bacterial uptake and is expressed as a percent of uptake
relative towild-type controls. (B) Total SPIO and silica doses delivered to cellmonolayer in culture. Valueswereobtainedusing
the ISDDmodel.43 (C) Confocalmicroscopy images showingmacrophages (control, silica pretreated, or SPIO pretreated) after
2 h challenge with fluorescent-labeled S. pneumoniae. Cell membrane is labeled with a red membrane dye, and bacteria are
labeledwith bluedye. Fluorescent silica ENPs are labeledgreen. The results illustrate thatmacrophages that have internalized
silica ENPs maintain the ability to phagocytose bacteria, whereas phagocytic activity is significantly diminished in
SPIO-pretreated cells.
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this inhibitory effect was significantly dampened in SR-
A-deficient macrophages. At the highest SPIO pretreat-
ment concentrations tested (25�50 μg/mL), the num-
ber of intracellular bacteria was statistically identical in
wild-type and SR-A-deficient macrophages and was
only slightly less than that caused by SR-A deficiency
alone, suggesting the majority of the effects of SPIO on
pathogen phagocytosis involve SR-A. It is noteworthy
that we have also observed similar inhibitory effects of
SPIO pretreatment on bacterial phagocytosis using
Salmonella typhimurium (data not shown), indicating
phagocytic pathways involving both Gram-negative
and Gram-positive pathogens are impacted. Further-
more, in separate studies using the RAW 264.7 macro-
phage cell line, we observed a similar inhibition of
bacterial phagocytosis in SPIO-pretreated cells based
on direct quantitation of intracellular bacteria counts by
fluorescent microscopy analysis (Supporting Figure S2).

The differential effects of silica and SPIO on macro-
phage phagocytic activity correlate well with the dif-
ferential impacts of these particles on macrophage
gene regulation. Although both particle types are
within the size limits for uptake by endocytosis, we
considered the possibility that either different rates of
gravitational settling in culture medium and/or poor
cellular internalization of silica particles may explain
the differences in their biological potency. However,
calculations of the amount of silica and SPIO particles

deposited on the cells using the ISDD dosimetry
model43 showed that the doses of particles delivered
in culture were similar for both ENP types (Figure 6B).
Confocal microscopy also verified that silica ENPs were
effectively taken up by macrophages, and cells that
had high levels of internalized silica ENPs remained
capable of phagocytizing bacteria (Figure 6C). Further-
more, using flow cytometry and magnetic particle
detection29 to quantify uptake of silica and SPIO ENPs
in macrophages derived from either wild-type or SR-A-
deficientmice, we confirmed our previous findings18,29

and recent reports44,45 that show SR-A facilitates cel-
lular uptake of both ENP types (see Supporting Figure
S3). Thus, the differential impacts on bacterial phago-
cytosis observed for silica and SPIO are not due to
preferential uptake of SPIO versus silica, but likely
involve specific physicochemical properties of the
ENPs that are manifested after cellular internalization
by the SR-A pathway.

CONCLUSIONS AND PERSPECTIVE

The concept that exposure to engineered nanoma-
terials may modulate the susceptibility of biological
systems to other environmental agents has received
little attention. Our results illustrate that potential
mechanisms for dysregulation of innate immunity exist
by virtue that common receptor recognition path-
ways are used by some ENPs and pathogenic bacteria.

Figure 7. Potential mechanisms of interaction between ENP and bacterial pathways in macrophages. Exposure to ENPs may
impact normal macrophage phenotype and functional recognition of pathogenic bacteria through multiple mechanisms.
Potential contributing mechanisms identified include changes in transcriptional levels of key regulators of macrophage
activation, altered membrane availability of cell surface phagocytic receptors (scavenger receptors, toll receptors, Fc
receptors) due to ENP-stimulated endocytosis, and compensatory changes in cytoskeletal function and phagocytic activity
associated with low levels of oxidative stress.
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Our results confirm studies from our and other groups
that anionic ENPs and S. pneumonia are both inter-
nalized in macrophages in an SR-A-dependent
manner.18,22,29 We further demonstrate that both silica
and SPIO ENPs modulate TLR4-mediated gene regula-
tion, although the extent of cross-regulation of gene
expression is quite different for the two ENP types. The
transcriptional reprogramming induced by SPIO in
particular resulted in a phenotype that resembles an
impaired ability of the macrophage to transition nor-
mally from an M1 to an M2-like activation state,
characterized by reduced phagocytic capacity toward
pathogens. It is noteworthy that the effects of SPIO are
not simply a result of an overall down-regulation of
gene expression, but involve similar numbers of up-
regulated and down-regulated genes. Furthermore,
reductions in phagocytic activity were observed in
macrophages at the lowest concentrations of SPIO
tested (6.25�12.5 μg/mL). On the basis of measure-
ments using magnetic particle detection, we estimate
the cellular dose of SPIO from these concentrations is
far below levels that cause “macrophage overload”,
which is thought to occur at particle loads correspond-
ing to ∼6% of the macrophage cell volume.46 The
potential that endotoxin contamination of the ENPs is
responsible for the observed effects is also unlikely,
since both ENPs test negative for endotoxin. Further-
more, treatment of macrophages with the ENPs alone
had no effect on TNFR expression, a highly sensitive
indicator of endotoxin contamination. Thus, the al-
tered LPS activation profile of macrophages previously
exposed to SPIO, and to lesser extent silica, appears to
reflect a specific reprogramming of cell function rather
than a general suppression of macrophage function. We
postulate that thisphenotypic shift is inpart aconsequence
of disruption of negative feedback pathways normally
responsible for resolution of inflammation and stimulation
of phagocytic processes needed for tissue repair.
The physicochemical basis for the differences in

biological potency between silica and SPIO ENPs is
not yet clear, but these differences are nonetheless
informative from a mechanistic perspective. The large
differences in the number of macrophage gene reg-
ulation changes caused by SPIO and silica illustrate that
the physicochemical properties of the ENPs play im-
portant roles in modulating macrophage activation, as
expected. This study (Figure S3) and our previous
work18,29 show that the uptake of both particle types
is facilitated by SR-A to similar extents, and we have
shown that fluorescent-labeled silica ENPs co-localize
with SR-A in macrophages.47 In this respect, our data
suggest the primary role of SR-A is in mediating uptake
and intracellular dose of the ENPs, rather than partici-
pating in a direct signaling function. On the other hand,
correlations among the specific gene regulatory changes
induced by silica and SPIO suggest some overlapping
mechanisms between these ENPs, and our results also

suggest engagement of SR-A by ENPs may be sufficient
to modulate specific TLR4-regulated pathways, such as
the IL-10 pathway. Although SPIO was more effective
than the silica ENPsused in this study in suppressing IL-10
expression in response to LPS challenge, both responses
were dependent on SR-A. The finding that macrophages
from SR-A knockout mice show significantly reduced
IL-10 induction in response to LPS also provides strong
support for a co-regulatory role of SR-A and TLR4 in this
pathway. Although the IL-10 pathway is only a subset of
the gene regulatory pathways we identified to be af-
fected by ENP exposure, disruption of this negative
feedback loop provides a potential contributing mecha-
nismwhereby nanomaterial exposure may inhibit bacte-
rial clearance and exacerbate LPS-mediated inflammation
in vivo.14,15,48 Consistent with the inhibition of IL-10 and
enhanced TNF expression we observed in primary
macrophages, mice deficient in IL-10 show an exagger-
ated response to endotoxin associatedwith high levels of
TNF production.49 The reduced phagocytic activity of
macrophages exposed to SPIO is also consistent with the
opposing regulatory roles of exogenous IL-10 and TNFR
on phagocytosis and the role of IL-10 in regulating
expressionof the Fcγphagocytosis receptor,41,42,49which
we also found was significantly reduced inmacrophages
pretreated with SPIO.
Recent work suggests SR-A binds SPIO through

charge interactions between anionic groups on the
ENP surface and lysine-rich regions of the receptor
collagen-like (CL) domain.45 Our experiments were
conducted in medium supplemented with serum pro-
teins, which clearly adsorb and modify the ENP surface
chemistry. Nonetheless, zeta potentiometry showed
the ENPs in our studymaintain a net negative potential
in culture medium, consistent with the average net
negative charge of serum proteins. We cannot exclude
the possibility that differential ENP surface chemistries
and corresponding profiles of adsorbed proteins selec-
tively modulate cellular responses to SPIO or silica. How-
ever, it is interesting to hypothesize that the SR-A pathway
may have evolved to recognize general characteristics of
the protein corona” (e.g., net charge) in order to promote
clearance of a broad range of particle types and surface
chemistries. For instance, in the lung environment, surfac-
tant proteins expected to comprise the major adsorbed
corona proteins have also been shown to enhance cell
surface levels of SR-A and promote uptake of iron oxide
nanoparticlesbyalveolarmacrophages.50,51 Futurestudies
that determinewhether ENPsmade “stealth” to scavenger
receptor recognition by cationic or polymeric surface
modifications cause similar phenotypic and gene regula-
tory effects in macrophages would be informative.
Overall, our results suggest several contributing

mechanisms by which ENP exposure may modulate
pathogen recognition by macrophages (Figure 7).
For instance, availability of membrane receptors need-
ed for pathogen recognition may be limited at the
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transcriptional level as well as by general membrane
turnover mediated by ENP-stimulated endocytosis. We
expect that the endocytic internalization of SR-A follow-
ing ENP binding18 would both reduce the amount of cell
surface SR-A available to interact with bacteria cell wall
components andpromote the amount of intracellular SR-
Aavailable to interactwith selected toll receptor signaling
complexes.52 While this mechanism of “ligand hijacking”
may explain some of the observed effects on LPS activa-
tion patterns, additional processes initiated intracellularly
after SR-A-dependent uptake of ENPs must also play a
prominent role in determining the impact of ENP ex-
posure on macrophage activation. For instance, unlike
silica, SPIO caused up-regulation of multiple antioxidant
gene pathways in macrophages. The importance of
oxidative stress as a predictive measure of nanoparticle
toxicity has been previously discussed by Nel and
colleagues.53 Although the low level of oxidative stress
caused by SPIO does not result in cytotoxicity, subcyto-
toxic levels of intracellular reactive oxygen species (ROS)
may impair cytoskeletal actin assembly andmacrophage
phagocytic activity and are hypothesized to be a con-
tributing risk factor for pneumonia associated with acute
respiratory distress.54 It was also reported that ROS

inhibits the endocytosis of SR-A,55 which could also
contribute to the reducedphagocytosis of S. pneumoniae

observed following SPIO exposure in our study. Thus, the
fact that macrophages use common pathways in the
recognition of ENPs and pathogens creates several plau-
sible mechanisms for interaction among these agents.
The impact each of these potential mechanisms has on
susceptibility to lung infection in vivo needs to be further
quantified in vivo. However, previous studies thatdemon-
strated pre-exposure of mice by inhalation to copper
nanoparticles15 or carbon nanotubes14 results in reduced
bacterial lung clearance suggest common macrophage-
mediated processes observed in our study likely occur
in vivo. Given additional epidemiological evidence of
linkages between particulate exposure and increasing
incidence of pneumonia,9 further investigations are war-
ranted to sort these mechanisms out and to determine
the ENP exposure levels where these effects become
important. This complexity also highlights the impor-
tance of recognizing that the potential health hazards
following exposure to ENPs may be indirectly mediated,
and nanotoxicology screening strategies must consider
whether these emerging materials alter susceptibility to
other environmental exposures.

MATERIALS AND METHODS

Nanomaterials and Nanomaterial Characterization. Superparamag-
netic iron oxide nanoparticles (Fe3O4) were prepared by chemical
co-precipitation at 23 �C, as previously described.29 Briefly, 0.2 M
FeCl3 (anhydrate, EM Science) and 0.1 M FeSO4 3 7H2O (J.T. Baker)
weremixed in100mLofH2Ounder nitrogen, followedby injecting
10mL of 29wt%NH3 3H2O into themixture with vigorous stirring.
Ablack color changeuponadditionofNH3 3H2O implied formation
of ironhydroxide in the solution.After the solutionwasdehydrated
with overnight stirring, SPIO colloidal nanoparticles were collected
by precipitation with a neodymiummagnet (Magnetics, Inc.) and
washed three times with deionized water (>18 MΩ). All reactions
were conducted under nitrogen atmosphere or in closed contain-
ers to protect samples from oxidation. Independent batches of
SPIO particles synthesized by the same methodology were used
for the microarray studies and bacterial phagocytosis assays.
Fluorescent-labeled amorphous silica nanospheres (50 nm) were
obtained fromCorpuscular Inc. (Cold Spring, USA). Endotoxinwas
tested using Toxinsensor Chromogenic LAL (GenScript, L00350)
at a nanoparticle concentration of 100 μg/mL. All ENPs tested
below detection limits (<0.01 EU/mL). Dynamic light scattering
(DLS) and zeta potentiometry measurements were conducted at
a particle concentration of 100 μg/mL using a BI 90 particle sizer
(Brookhaven Instruments Corp., Holtsville, NY, USA). The particles
were initially dispersed in fetal bovine serum (FBS) and sonicated,
and the final volumewasbrought up to the required nanoparticle
concentration. DLS values for water-dispersed particles were
generated with vortex-mixed samples. The DLS and zeta poten-
tial measurements reported are the average of at least five
replicates. The cytotoxic potential of the ENPs was determined
by measuring the release of intracellular lactate dehydrogenase
using the CytoTox-ONE membrane integrity assay (Promega,
G7890) per the manufacturer's recommendation.

Macrophage Isolation and Treatment. Wild-type and SR-A-
deficientmice bred on a C57/BL6 background (originally obtained
from Jackson Laboratory) were maintained at the University of
Washington and shipped to PNNL for use in isolation of bone
marrow-derived macrophages. All procedures were approved
by the PNNL Institutional Animal Care and Use Committee.

Primary bone marrow cells were isolated from 4- to 6-week-old
mice following euthanasia by CO2 asphyxiation. Cells were
flushed from isolated femurs and cultured at a concentration
of 6 � 106 cells in 100 cm2 dishes with 10 mL of RPMI 1640
supplemented with 10% FBS and 20% conditioned medium
obtained from L929 cell cultures. Every two days nonadherent
cells were washed off and fresh medium was added. Condi-
tioned medium was obtained from L929 cells cultured in RPMI
supplemented with L-glutamine, Pen-Strep, and 10% FBS. For cell
treatments, 1.5 � 106 adherent cells were replated in six-well
plates in RPMI 1640 supplemented with L-glutamine, penicillin/
streptomycin, and 10% FBS. Just prior to exposure, the nanopar-
ticles were sonicated (Fisher Scientific, model 100) in FBS and
brought upwithmedia to the required concentration and volume.
Completemedia without ENPs was used as a control. After 24 h of
ENP exposure, media was aspirated, cells were washed, and 2 mL
of freshmediawithorwithout 10ng/mLLPS (Escherichia coliO111:
B4, LIST Biological Laboratories Inc.) was added.

Bacterial Phagocytosis. Streptococcus pneumoniae (ATCC 6303)
was obtained from American Type Culture Collection (Manassas,
VA, USA). The bacteria were initially grown overnight on blood
agar plates in an incubator maintained at 37 �C and 5% CO2. A
bacterial colony was collected using an inoculating loop and
cultured with shaking in 4 mL of Todd Hewitt broth supplemen-
ted with 0.5% yeast extract (BD Difco, USA) maintained at 37 �C
until anOD600 of 0.3�0.4was reached. To label thebacteria, 100μL
of 0.1 mg/mL Alexa Fluor 647 succinimidyl ester (Invitrogen) was
added to 109 heat-inactivated bacteria in phosphate buffer (pH 8)
and incubated for 1 h. Excess dye was removed by centrifugation,
and the bacteria were resuspended in phosphate-buffered saline
(PBS). For exposure, a 1:10 ratio of bacteria to macrophages (MOI)
was determined and incubated in FBS for 30 min before resus-
pending in RPMI-1640. Cells pretreated with ENPs were washed
three times with PBS and exposed to fresh medium containing
bacteria. To facilitate uniform cell exposure to the bacteria at t= 0h,
the plates were centrifuged at 1000g for 10 min and uptake was
allowed to occur for 2 h.

Flow Cytometry and Microscopy Analysis. Following exposure to
fluorescent bacteria or LPS for the required time, cells were
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washed with PBS, harvested by mild trypsinization and scrap-
ing, centrifuged at 1000g for 5min, and resuspended in PBS. The
cell-associated ENPs, bacteria, or LPS was analyzed using a
FACSCalibur (BD Biosciences, San Jose, CA, USA). All experi-
ments were performed using triplicate samples and at least
10 000 cells per treatment, and the mean fluorescence was
determined using FCS Express software (De Novo Software, Los
Angeles, CA, USA). For microscopy analysis, cells were grown on
glass slides and, after exposure to ENPs and bacteria for the
required experimental time, were fixed using 3% paraformal-
dehyde, washed, andmounted using ProLong Gold (Invitrogen,
Carlsbad, CA, USA). Confocal images were obtained using a
Zeiss LSM 710 upright confocal microscope (Carl Zeiss, USA)
with a 40� water immersion objective. Image analysis was
performed on reconstructed z-stack images using Volocity 3D
Image Analysis software (Perkin-Elmer, Waltham, MA, USA).

ELISA and RT-PCR Analysis. Protein levels in cell culture super-
natant weremeasured by enzyme-linked immunosorbent assay
(ELISA, R&D Systems) per the manufacturer's instructions. RNA
was isolated from the six-well plates using an RNeasy Mini Kit
(Qiagen, 74104) protocol with a final elution volume of 30 μL of
RNase-free H2O. cDNAwas generated using QuantiTect Reverse
Transcription (Qiagen, 205310), per the manufacturer's instruc-
tions. Real-time PCR amplification was performed using a final
volume of 20 μL containing 3 μL of cDNA, 2 μL of primer mix
(5 μM each forward and reverse, Eurofins MWGOperon), 5 μL of
RNase-free H2O, and 10 μL of POWER SYBR Green (Applied
Biosystems) on a ABI StepOnePlus thermocycler (Applied
Biosystems). The amplification protocol was according to the
manufacturer's recommendation and included an initial dena-
turing step at 90 �C for 10 min, followed by 45 cycles with
denaturation at 95 �C for 15 s and an annealing/elongation step
of 60 �C for 1 min. Melting curve analyses were performed in
each run. Relative expression was determined using the ΔΔCT
method with samples normalized to the expression level of the
cyclophilin A (CPHA) transcript. The primers used included
(50�30) CPHA sense, GAGCTGTTTGCAGACAAAGTTC, CPHA anti-
sense, CCCTGGCACATGAATCCTGG; IL10 sense, CAGAGCCA-
CATGCTCCTAGA; IL10 antisense, GTCCAGCTGGTCCTTTGTTT;
TNFR sense, TCTTCTCATTCCTGCTTGTGG; and TNFR antisense,
GGTCTGGGCCATAGAACTGA.

Microarray Analysis. Whole genome microarray analysis was
performed using Affymetrix Mouse Genome 430A 2.0 chips
(Affymetrix, Santa Clara, CA, USA; 22 690 probe sets). Total RNA
was collected using the RNeasy Kit (Qiagen, Valencia, CA, USA).
RNA integrity and purity were assessed using an Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Com-
plementary DNA was synthesized from 3 μg of total RNA in the
presence of an oligo-dT primer containing a T7 RNA polymerase
promoter, and an in vitro transcription reaction was performed
in the presence of amixture of biotin-labeled ribonucleotides to
produce biotinylated cRNA from the cDNA template, according
to the manufacturer's protocols (Affymetrix One-Cycle target
labeling kit). Biotin-labeled cRNA (15 μg) was fragmented to a
size range between 50 and 200 bases for array hybridization.
After hybridization, the arrays were washed, stained with
streptavidin�phycoerythrin, and scanned at a resolution of
2.5 μm using an Affymetrix GeneChip Scanner 3000. Quality
control parameters were assessed throughout the experimental
process to measure the efficiency of transcription, integrity of
hybridization, and consistency of qualitative calls. The synthesis
of the cDNA and cRNA and the fragmentation of cRNA were
assessed using the Agilent 2100 bioanalyzer. Spike-in control
transcripts also weremonitored to verify hybridization integrity.

Raw intensity data were quantile normalized by Robust
Multi-Array Analysis summarization and analyzed by ANOVA
unequal variance with Tukey's post hoc and 5% false discovery
rate (FDR) calculation using GeneSpring v.11 (Silicon Genetics,
Redwood City, CA, USA). Criteria for differential expression were
an absolute fold-change of 1.5 and an FDR adjusted p-value of
<0.05 for comparison to control or LPS treatment groups. To
identify gene subsets whose expression profiles indicate po-
tential co-regulation between ENP pretreatment and LPS chal-
lenge groups, data were transformed to ENP minus treated
controls prior to statistical analysis to subtract the individual

effect of ENP pretreatment from the comparison. Thus, genes
identified as significantly different from the resulting compar-
ison of the ENP-LPS group to the LPS group alone are defined as
displaying greater than additive behavior. Genes that passed
the differential expression criteria with an FDR-adjusted p-value
of <0.05 for ENP-LPS combined treatments compared to the LPS
treatment alone were included for downstream analysis. Raw
and normalized Affymetrix data files are available online
through Gene Expression Omnibus accession GSE 44294.

Bioinformatic Analysis. Unsupervised bidirectional hierarchical
clustering of microarray data was performed using Euclidean
distance metric and centroid linkage clustering to group treat-
ments and gene expression patterns by similarity. k-Means
clusters of genes were calculated by Euclidean distance for 14
clusters over 13 iterations. The clustering algorithms, heatmap
visualizations, and centroid calculations were performed with
Multi-Experiment Viewer software based on log2 expression
ratio values or z-scores. z-Scores, which were used for clustering
and heatmap visualizations, were calculated on gene expres-
sion data for the ENP-LPS and LPS treatment groups by sub-
tracting themean and dividing by standard deviation across the
data set. Functional enrichment statistics were determined with
Metacore (GeneGo, St. Joseph, MI, USA) to identify the most
significant biological andmetabolic processes affected by silica,
SPIO, and LPS. The statistical scores in MetaCore are calculated
separately for up-regulated and down-regulated genes within a
treatment group using a hypergeometric distributionwhere the
p-value represents the probability of a particular mapping
arising by chance for experimental data compared to the back-
ground, which included all genes on the Affymetrix platform.
Ingenuity Pathway Analysis (IPA; Ingenuity Systems) was used to
determine the significant regulation of inflammatory response
pathwayswith prediction of pro- and anti-inflammatory responses
after exposure to ENPs and LPS. Inflammation pathways that were
significantly enriched in our data set were calculated by the right-
tailed Fisher exact test (p<0.05) as ameasure of the likelihood that
the association between a set of genes and a related function is
significantly greater than random association compared to all
genes on the Affymetrix platform.
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