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There  are  many  efforts  in  understanding  the  effects  of nanoparticles  on  cell  viability  and  metabolism,
however,  not  much  is  known  regarding  the distinct  molecular  mechanisms  of inflammation  and  cel-
lular  stress  using  low  dosing  concentrations.  To  address  this  gap  in  the  literature,  we utilized  a novel
experimental  design  that  specifically  probes  the  effects  of  a panel  of  commonly  studied  engineered
nanomaterials  along  immunomodulatory  pathways,  including  NF-�B.  The  panel  of particles  selected
for  this  study  included  quantum  dot  nanocrystals,  titanium  dioxide,  hydroxylated  fullerenes,  and  silver
nanoparticles.  Cell  viability,  antioxidant  activity,  select  messenger  RNA,  and  protein  modulation  were
studied  in  primary  human  dermal  fibroblasts  (HDF)  and  NF-�B  knockdown  HDF  cells.  Inflammatory  and
ilver
ullerol
anoparticles
F-�B pathway

non-inflammatory  immune  responses  were  measured  using  protein  and  real-time  PCR  array  analysis
from  HDF  cells exposed  to  sub-lethal  concentrations  of  nanoparticles.  Differences  in  cellular  response
to  nanoparticles  in protein  and  antioxidant  experiments  were  evident  in  NF-�B  knockdown  cells.  The
methods  used  in  the  study,  along  with  the  resultant  data  sets,  serve  as a potential  model  for  studying  the
complex  pathway-specific  biochemical  responses  in cell  and  tissue  systems  associated  with  nanoparticle
exposures.
. Introduction

There has been rapid progress in the field of nanotoxicology
n recent years; however, information regarding the potential for
dverse health outcomes arising from nanoparticle exposures is
till lacking. For example, the cellular immunoregulatory response
o nanoparticles is not well understood. Materials on the nanometer
ize scale are thought to impose different types of chemical and/or

iological effects on organisms compared to materials of the same
hemical composition but on the micrometer size scale. This phe-
omenon is attributed to the finer size and corresponding larger
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surface area per unit mass that is characteristic of all engineered
nanoparticles (Maynard and Kuempel, 2005; Monteiller et al., 2007;
Oberdorster et al., 2005). However, it is largely unknown which spe-
cific pathways or subcellular mechanisms of action are triggered as
a result of nanoparticle exposure. Some studies have shown that
nanoparticles can be internalized into cells. Other studies have
shown various uptake mechanisms for nanoparticles (Duan and
Nie, 2007; Jaiswal et al., 2003; Zhang and Monteiro-Riviere, 2009).
But few studies have investigated the subsequent mechanisms of
injury, including key genes and proteins that participate on the
molecular level. A key missing component of most nanotoxicol-
ogy studies is the query and determination of toxicological process
development. We  hypothesized that immune mediators of inflam-
mation, such as the transcription factor, NF-�B, may  be initiated in
the exposed cell layers, and followed by upregulation of inflamma-
tory response proteins. NF-�B may  be partially affected by MAPKs,

such as ERK1/2 and p38, which are known to phosphorylate the
NF-�B inhibitor (Müller et al., 2002). We  have found that these ini-
tiators are, at least in part, dependent on nanoparticle type and the
cellular stress response ability of the cell.

dx.doi.org/10.1016/j.toxlet.2012.01.022
http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:mcriscitiello@cvm.tamu.edu
mailto:csayes@rti.org
dx.doi.org/10.1016/j.toxlet.2012.01.022
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We  previously showed that quantum dot exposure modulates
F-�B in human dermal fibroblasts (HDFs) (Romoser et al., 2011).
F-�B is a major transcription factor responsible for regulating
enes of both the innate and adaptive immune responses (Livolsi
t al., 2001). NF-�B becomes activated through distinct signaling
omponents: inactivated, cytosolic NF-�B is complexed with the
nhibitory I�B� (NFKBIA) protein. A variety of extracellular sig-
als can be recognized via integral membrane receptors, which
an lead to the activation of the enzyme I�B kinase (IKK or IKBKB).
he role of IKK is to phosphorylate the NF-�B-associated I�B� pro-
ein, resulting in ubiquination and dissociation of I�B� from NF-�B.
�B� is degraded by the proteosome and the liberated NF-�B is then
ranslocated into the nucleus where it binds to specific DNA motifs
n promoters, termed response elements. Here, it can upregulate
enes involved in immune cell development, and maturation, as
ell as those dedicated to survival, inflammation, and lymphopro-

iferation (Zandi, 1997).
In an attempt to elucidate these immune response mechanisms,

rimary HDF cells were utilized to investigate the molecular toxico-
ogical mechanisms of a collection of similarly sized nanoparticles.
ibroblasts are the most common cell-type in the dermis, and their
biquity makes them more appropriate for this study than the rare
atrolling macrophages. Contact with the skin is one of the major
outes of both intentional and accidental exposures to nanoparti-
les. Four dermally relevant nanoparticles, citrate-stabilized silver,
ydroxylated fullerenes (fullerol), CdSe/ZnS-COOH quantum dots,
nd anatase titanium dioxide, were chosen to compare and contrast
ellular responses.

Because of their unique characteristics, quantum dots are used
t increasing rates for a wide variety of industrial and consumer-
ased applications, including biomedical imaging agents, inks, and
olar panels (Alivisatos et al., 2005; Gao et al., 2004; Michalet
t al., 2005; Roco, 2003). Zhang and Monteiro-Riviere (2008) and
ortensen et al. (2008) both concluded that quantum dots of sim-

lar or identical structure and composition to those used in this
tudy could penetrate through the epidermis into the dermis, espe-
ially with flexing of the skin or by way of hair follicles. Microscopy
rom their publications revealed that a considerable portion of the
ose penetrated to the dermis. Silver is currently being utilized as
n antimicrobial agent in many dermal applications and has been
ound to penetrate intact and damaged skin (Larese et al., 2009;
amberg et al., 2010). Titanium dioxide, a common ingredient in
unscreens and cosmetics, is generally recognized as safe for dermal
xposure. However, while most titanium dioxide studies involv-
ng healthy skin report an absence of penetration, this may  not
ecessarily be the case with damaged skin (Tamura et al., 2010;
’Oreal unpublished study – 2009–2011). We  also examined the
ffects of fullerol exposure on dermal cells in this study. Fullerol
as been reported to possess antioxidant abilities (Djordjevic et al.,
005; Mirkov et al., 2004; Wang et al., 1991) and has, for that
eason, been added to cosmetic preparations with the intention
f preventing oxidative damage to the skin due to aging and sun
xposure. But there have also been reports of toxicity associated
ith exposure to fullerol and other carbonaceous cage nanostruc-

ures. For example, Xia et al. (2010) have recently reported that,
epending on the vehicle composition, pristine fullerene nanopar-
icles can penetrate deeply into the stratum cornea in healthy skin,
s tested both in vitro and in vivo (Xia et al., 2010). In another
tudy, fullerol caused delayed cell death characteristic of apopto-
is, including DNA damage in rodent and human glioma cells, which
as determined to be caused in the absence of ROS (Isakovic et al.,

006). The dermal permeation capability or toxicity of fullerol,

pecifically, has not been assessed, although fullerene-based pep-
ides were shown to penetrate intact skin, which was  exaggerated
ith mechanical stress leading to infiltration into the dermis

Rouse et al., 2007).
tters 210 (2012) 293– 301

In an effort to increase current knowledge regarding pathways
of the human cellular response to aqueous silver, fullerol, quan-
tum dots, and titanium dioxide, we  have quantitatively investigated
effects of exposure on the expression of 84 unique genes in HDF
cell cultures. In this study, we  compared the dose–response and
time-course effects of four nanoparticles in dermal cells capable
of exhibiting inflammatory response, immunoregulation, apopto-
sis, and cellular stress. Additionally, we tested whether NF-�B
was modulated, as was  found in our previously published study
(Romoser et al., 2011), in cells exposed to other nanoparticles and
determined to what extent NF-�B played a role in the cellular
response to NPs by overexpressing the inhibitor, I�B�. We  have
included an experimental design flowchart that outlines all exper-
iments carried out (Supplemental Fig. 1).

2. Methods

2.1. Nanoparticle characterization

Aqueous citrate-stabilized silver particles (NanoComposix, San Diego, CA),
hydroxylated fullerenes (MER Corp., Tucson, AZ), CdSe/ZnS-COOH crystalline quan-
tum dots (Invitrogen Corp., Carlsbad, CA), and anatase titanium dioxide (NanoAmor,
Houston, TX) characterization data are summarized in Table 1. The hydrodynamic
diameter and zeta potential of all four nanoparticles were measured using a Zeta
Sizer Nano Series ZEN 3600 Spectrometer (Malvern Instruments Ltd, Malvern,
Worcestershire, UK). Particle characterization was performed on the particles sus-
pended in Milli-Q ultrapure water (18.2 m�), as well as in DMEM supplemented
with 10% FBS at 0, 24, and 48 h time points. Elemental analyses were determined via
inductively coupled plasma-mass spectroscopy (Elan DRC II, Perkin Elmer SCIEX).
Transmission electron microscopy (TEM) grids were glow discharged using PELCO
easiGlow (Ted Pella, Inc., Redding, CA) in order to make the grid surface hydrophillic.
Fifteen microliters of solution was applied to 200 lines/inch square mesh copper
grids (Electron Microscopy Sciences, Hartfield, PA). Grids were analyzed on a FEI
Tecnai G2 F20 at an accelerating voltage of 200 kV. Images were recorded using a
Gatan CCD camera.

2.2. Cell culture and experimental dosing

2.2.1. Human dermal fibroblasts
Cryopreserved primary HDF cells (PCS-201-010, ATCC, Manassas, VA) were cul-

tured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS (Gibco,
Austria). Media was  supplemented with an antibiotic cocktail consisting of peni-
cillin, streptomycin, and amphotericin (Sigma–Aldrich, St. Louis, MO). Incubation
took place at 37 ◦C with humidity and 5% CO2. Cells were grown to 80% confluency in
6-well plates, then exposed to nanoparticles (20 ppm final exposure concentrations)
or  untreated for a negative control. Cells treated with nanoparticle suspensions were
very briefly exposed to light in the cell culture hood at the points of exposure and
harvesting. Cellular incubations with nanoparticles took place in the dark.

2.2.2. Stable transduction of HDF cells
An additional group of HDF cells was virally transduced to overexpress IKB�,

the  inhibitor of NF-�B, to assess differences in viability, antioxidant usage, and pro-
tein expression with and without NF-�B competency. HEK-293T Ampho-Phoenix
packaging cells, capable of carrying plasmids for long-term stable production of
lentivirus, were obtained with permission from Gary Nolan at Stanford University
and maintained in DMEM containing 10% FBS at 37 ◦C with 5% CO2. HDF cells were
maintained as aforementioned. This transduced HDF cell line is referred to as “NF-�B
knockdown” cells throughout the manuscript.

2.2.3. Construction of plasmid
I�B-SR (Super Repressor) was amplified with primers 5′-ATG TTC CAG GCG

GCC  GAG-3′ and 5′-TCA TAA CGT CAG ACG CTG GC-3′ , cloned onto pCR2.1 TOPO
(Invitrogen) and subcloned onto pLPCX (Clontech) using EcoRI restriction sites.

2.2.4. Stable transduction in cell lines
HEK-293T amphotrophic Phoenix cells were transfected with 10 �g retroviral

vectors (pLPCX) with or without insert. After 24 h, cells were placed at 32 ◦C. Viral
media was harvested 48 and 72 h after transfection and used to infect cells. After

24  h of resting in nonselective media, cells were selected with 0.4 �g/mL puromycin
for  48 h. Empty vector does not appreciably alter gene expression profile. Real-time
PCR  compared expression of genes from cells treated with empty vector (no NF-�B
construct) to the cells that received no nanoparticle and were harvested at 8 h (data
not  shown).
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Table  1
Characterization table.

Characterization Silver Fullerol QD TiO2

Primary particle size reported by manufacturer (nm) 25 15 16 25
Primary particle size measured by TEM (nm) 20 – 10 15
Density (g/cm3) 10.50 0.80 (fullerene) 4.95 (CdSe/ZnS) 3.90

Water  Media Water Media Water Media Water Media

Size measured by DLS (nm)
0  h 54 ± 2 169 ± 2 239 ± 9 102 ± 5 13 ± 0 27 ± 1 40 ± 3 314 ± 63
24  h 354 ± 23 123 ± 4 31 ± 1 121 ± 5 23 ± 2 23 ± 1 156 ± 29 17 ± 1
48  h 345 ± 3 166 ± 3 31 ± 0 195 ± 4 39 ± 8 25 ± 1 1332 ± 540 249 ± 150

Zeta  potential (mV)
0 h −48 ± 9 −9 ± 2 −51 ± 7 −13 ± 1 −51 ± 6 −4 ± 1 +42 ± 8 −11 ± 1
24  h −55 ± 2 −10 ± 1 −10 ± 5 −15 ± 1 −8 ± 3 −1 ± 0 +11 ± 1 −12 ± 1

 ± 0 
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48  h −56 ± 3 −11 ± 1 −27 ± 3 −15

anoparticle size as measured by manufacturer, TEM, and dynamic light scattering

.3.  Cell viability

HDF and NF-�B knockdown cells were cultured in 24-well plates as described
bove. Cells were then exposed to silver, fullerol, quantum dots, or titanium dioxide
o give final well concentrations of 0, 10, 50, 100, 150, or 200 ppm. Cells treated
or  24 or 48 h were washed, trypsinized, and resuspended in cell culture media.
ercentages of viable cells were measured by mixing equal volumes of cell suspen-
ion  and trypan blue stain, followed by membrane permeability-based counting in
n  automated cell counter (Countess, Invitrogen). Viability experiments were done
n quadruplicate. For HDF cells, a student’s t-test was  employed using GraphPad
oftware to calculate significant change in viability for each particular treatment,
s  compared to the untreated control samples. Similar statistical analysis was per-
ormed for the case of NF-�B knockdown cells.

.4. GSH oxidation assay

A luminescence-based assay (V6611, Promega, Madison, WI)  was  utilized to
etect and quantify levels of glutathione disulfide (GSSG) in both untreated and
0  ppm nanoparticle-treated HDF and NF-�B knockdown cells. GSSG determina-
ions were based on a reaction scheme consisting of GSH-dependent conversion
f  a GSH probe to luciferin by a glutathione S-transferase enzyme. Both GSH and
SSG are present in cells. Therefore, in order to measure glutathione disulfide only,
ells  were lysed and GSH was blocked. The resulting GSSG was  reduced to GSH to
easure glutathione disulfide. Antioxidant experiments were done in triplicate. A

tudent’s t-test was employed to calculate significant change in viability for each
articular treatment in HDF cells, as compared to the untreated control samples.
imilar statistical analysis was performed for the case of NF-�B knockdown cells. Pair
ise analysis was  also performed in a similar manner for each particular treatment

cenario, where the NF-�B knockdown cells were compared to the HDF cells.

.5.  Gene expression analysis

Cells cultured and exposed to 20 ppm nanoparticle suspensions were harvested
t  time points of 8 or 24 h. An RNeasy® Mini Kit (Qiagen, Frederick, MD)  was  used in
onjunction with an on-column genomic DNA digestion to lyse cells and extract total
NA. An RT2 First Strand Kit (C-03) from SABiosciences was  utilized prior to quanti-
ative real-time PCR (RT-PCR) to reverse transcribe messenger RNA into cDNA. This
DNA was prepared for a pathway-focused gene expression profiling PCR array sys-
em, specific for 84 genes of innate and adaptive immune responses (RT2 ProfilerTM,
ABiosciences, Frederick, MD), of which data from 42 passed quality control in all
onditions are compared here. After adding the cDNA to a PCR reaction master mix
ontaining SYBR green, 25 �L of sample was  loaded into all wells of 96-well plates
re-filled with primer sets including housekeeping genes, gDNA controls, reverse
ranscription controls, and positive PCR controls. One plate was assayed for each
xperimental condition. Using a Roche LightCycler® 480 (Roche, Indianapolis, IN)
or  RT-PCR, a two-step thermal cycling program was  followed: 1 cycle at 95 ◦C for
0  min, then 45 cycles of 95 ◦C for 15 s, then 60 ◦C for 1 min. The Roche LightCycler®

80 software was utilized for raw data acquisition and calculation of Ct (threshold
ycle) values.

.6. Protein expression alteration

HDF and HDF transduced with empty vectors (i.e. no I�B� overexpression capa-
ility) were cultured in the same conditions as above. Nanoparticle-treated and

ntreated cells were washed in ice cold 1× PBS, then protease inhibitor cocktail
Sigma–Aldrich) and high salt lysis buffer were added to wells. Protein was  isolated
y  collecting supernatant via centrifugation. Fractionated NF-�B samples were har-
ested without the use of lysis buffer. An NF-�B activation assay kit (FIVEphoton
iochemicals, San Diego, CA) was utilized to obtain nuclear and cytosolic NF-�B
−39 ± 7 −5 ± 1 −0.5 ± 0 −13 ± 0

potential, and density of silver, fullerol, quantum dots, and titanium dioxide.

fractions from cells. Samples were loaded into 10% SDS-PAGE gels and run at 120 mV.
Gels were transferred to PVDF membranes, which were blocked in 5% milk or
BSA/PBST and incubated in different primary antibody solutions overnight: p-I�B�,
1:1000 (Abcam Inc., Cambridge, MA); p-ERK1/2, 1:1000 (Cell Signaling Technology,
Danvers, MA); HMOX-1, 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA); p-P38,
1:1000 (Cell Signaling Technology); IL-6, 1:500 (Santa Cruz); or p65 NF-�B, 1:1500
(Santa Cruz). Membranes were washed in PBST several times before secondary anti-
body (Goat, anti-mouse or anti-rabbit, 1:5000, Santa Cruz) prepared in fresh 5% milk
or  BSA/PBST solution was added. Membranes were incubated in the secondary anti-
body at room temperature, and then washed again in PBST. ImmobilonTM Western
Chemiluminescent HRP substrate (Millipore, Billerica, MA)  was added to mem-
branes and film exposures were taken. GAPDH, 1:10,000 (AM4300, Ambion, Austin,
TX) and Lamin A/C 1:5000 (sc-6215, Santa Cruz) were used as loading controls. Blots
are  representative of duplicate or triplicate experiments. Densitometric analysis of
western blot results can be found in Supplemental Figs. 4 and 5. Statistical analysis
was  performed using a student’s t-test to calculate significant change in expression
for each particular treatment, as compared to the untreated control samples. Sim-
ilar  statistical analysis was  performed for the case of NF-�B knockdown cells. Pair
wise analyses were also made using this test for each particular treatment scenario,
where the NF-�B knockdown cells were compared to the HDF cells.

2.7. Calculations of gene expression changes

A total of five housekeeping (potential reference) genes were assayed on
the plate and included those encoding �2-microglobulin, hypoxanthine phos-
phoribosyltransferase 1, ribosomal protein L13a, glyceraldehyde-3-phosphate
dehydrogenase, and �-actin. Analytical estimation of internal control gene stability
indicated that hypoxanthine phosphoribosyltransferase 1 (HPRT1) was  most sta-
ble  based upon lowest variance and standard deviation, and HPRT1 was utilized for
subsequent normalization (Vandesompele et al., 2002).

Changes in gene expression were estimated using the 2−��Ct method (Ryman-
Rasmussen et al., 2007; Rzigalinski and Strobl, 2009), with HPRT1 utilized as the
stable reference gene for all experimental situations. The fold changes in gene
expression were calculated with respect to the expression level of the genes in
the respective control group. For example, 2-fold change of gene A indicates that
expression of gene A was twice as large in the treatment group compared to its
expression in the control group, while 0.5-fold change of gene A indicates that the
expression of that gene was two times less in the treatment group compared to its
expression in the control group. More detailed gene annotations and array layout
are  available at http://www.sabiosciences.com/genetable.php?pcatn=PAHS-
065A. Information regarding the manufacturer’s estimates for array
performance, sensitivity, specificity, and reproducibility are available at
http://www.sabiosciences.com/rt pcr product/HTML/PAHS-052A.html#accessory.

3. Results

3.1. Nanoparticle characterization

Nanoparticle characterization results can be found in Table 1,
Fig. 1, and Supplemental Fig. 3. Primary particle size and morphol-
ogy for all nanoparticles were determined via transmission electron
microscopy; dynamic light scattering was utilized to measure the

hydrodynamic diameter of the particles when suspended in water
and complete cell culture media. Specific results can be found in
Table 1. Lastly, the densities of the particles are reported to be
3.90 g/cm3 for titanium dioxide, 10.50 g/cm3 for silver, 4.95 g/cm3

http://www.sabiosciences.com/genetable.php?pcatn=PAHS-065A
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-052A.html
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ig. 1. Transmission electron microscopy: (A) titanium dioxide, (B) silver, and (C)
one  in cell-free conditions.

or CdSe quantum dots, and 0.80 g/cm3 for fullerols. No metal
mpurities were detected via inductively coupled plasma-mass
pectroscopy elemental analysis.

The hydrodynamic size of the particles, as measured by dynamic

ight scattering, changed over time for three of four particle types:
he silver and TiO2 particles became larger; the fullerol parti-
les became smaller; and the quantum dot particles remained
he same. In media, however, each particle maintained their
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ells.  **Statistically significant (p < 0.001) compared to untreated, cell-type matched cells
tum dots. Samples were diluted to 20 ppm in Milli-Q water. Characterization was

aggregated size over time – all of which were larger than the size
in water, except for the quantum dots. The surface charge of the
particles, as measured by zeta potential, also changed over time
for three of the four particle types: fullerol and quantum dot par-

ticles became less negative; TiO2 become less positive; and the
silver particles generally stayed the same. In media, however, each
particle type maintained its slightly negative surface charge over
time.
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Fig. 3. GSH conversion. Glutathione disulfide was measured in normal and NF-�B
knockdown HDF cells after 20 ppm nanoparticle treatment for 1 h. Responses from
untreated cells were also included for comparison purposes. The assay is based on
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 luciferin conversion reaction catalyzed by glutathione-S-transferase. *Statistically
ignificant (p < 0.05) compared to untreated, cell-type matched cells. †Statistically
ignificant (p < 0.05) compared to normal HDF, treatment-matched cells.

.2. Cell viability

Cellular viability was measured in HDF cells exposed to each
anoparticle over a dose–response ranging 0 to 200 ppm resulting

n a differential cytotoxicity for each particle (Fig. 2). The trypan
lue assay revealed that cell viability decreased (increase in mem-
rane permeability) with increasing concentration of nanoparticle
xposures. In addition, the cellular response to particles was  found
o be different when NF-�B was inhibited in cells. Specifically, the
nocked down cells were generally more robust after exposures
han normal HDF cells. Conversely, NF-�B knockdown cells were

ore sensitive to titanium dioxide than normal cells. In normal HDF
ells, viability was affected more severely compared to untreated
DF cells when treated with silver, fullerol, or quantum dots.

ncreasing exposure time to 48 h with quantum dots, fullerols, and
itanium dioxide also negatively affected viability, when compared
o cells exposed for 24 h. Western blotting of nuclear and cytoplas-

ic  fractions confirmed lack of NF-�B translocation in knock-down
ells compared to empty vector (Supplemental Fig. 2).

Regarding the possibility of the citrate stabilizer in the silver
aterial we used to generate additional cellular toxicity, Uboldi

t al. (2009) recently concluded that sodium citrate concentrations
s high as 0.7 mM resulted in only mild toxicity by 72 h continu-
us exposure (viability 70%). They found their data to be consistent
ith other findings regarding the use of sodium citrate to stabilize
anoparticle suspensions (Connor et al., 2005; Shukla et al., 2005).

.3. Glutathione oxidation assay

Glutathione (GSH) plays an important role in antioxidant
efense in eukaryotic cells. To assess antioxidant response after
anoparticle exposures, GSSG was measured in normal and NF-

B knockdown cells after 20 ppm nanoparticle treatment for 1 h

Fig. 3). Responses from untreated cells were also included for
omparison purposes. Knocked down cells exhibited a greater
ntioxidant response after 1 h than normal cells when exposed to
tters 210 (2012) 293– 301 297

nanoparticles. Silver and titanium dioxide caused more GSH oxi-
dation compared to fullerol and quantum dot-treated cells. This
finding indicates that NF-�B plays a substantial role in antioxidant
generation after nanoparticle exposures. GSH experiments were
done in quadruplicate.

3.4. Gene expression analysis

In general, the 24 h time point revealed much higher upreg-
ulation of immune response related genes after nanoparticle
exposures (Fig. 4). This trend was opposite for HMOX1 and TLR3,
however. Upregulation of genes was  similar between particle types,
except for HMOX-1, which was only significantly upregulated with
silver exposures. IL-1 family proteins were influenced most. Upreg-
ulation of IL-1 family and other genes in normal cells exposed
to nanoparticles occurred at 24 h, with the exception of HMOX-
1, which was  induced at 24 h, but even more so at the earlier 8 h
time point. The robust response of IL-1� and IL-1 family mem-
ber 7 messages after prolonged exposure shows preparation for
inflammation.

3.5. Protein expression alteration

As determined via western blot, NF-�B knockdown cells inhibit
NF-�B nuclear translocation, preventing subsequent DNA binding
and genetic upregulation; therefore, these cells were determined to
be appropriate to assess the role of NF-�B after nanoparticle expo-
sures (Supplemental Fig. 2). Real-time PCR analysis of immune gene
mRNA levels of cells treated with the empty pLPCX retroviral vec-
tors confirmed that the gene knockdown system was  not altering
genes itself (data not shown).

In assessing early transcription factor involvement, the sever-
ity of the NF-�B/ERK response in nanoparticle-treated cells is as
follows: silver > fullerol > quantum dot > titanium dioxide. ERK1/2
upregulation either precedes or is nearly concurrent with phospho-
rylation of the NF-�B inhibitor, I�B�, in silver, fullerol, and titanium
dioxide-treated cells, but not quantum dot-treated cells (Fig. 5).
Suppression of I�B phosphorylation suggests that NF-�B inhibition
occurs. Induction of phosphorylated p38 is seen at both time points
after exposure to all four nanoparticle types.

To analyze downstream protein response arising from pertur-
bation of earlier transcription factor modulation, we  probed for
induction of phosphorylated p38, HMOX-1, and IL-1� (Fig. 6).
Phosphorylated p38 expression was  evident after exposure to all
four nanoparticle types, but was notably less severe with NF-
�B knockdown. HMOX-1 expression was limited to silver-treated
cells, indicating ROS generation and resistance to protein dam-
age. By 24 h, knockdown cells reveal less HMOX-1 induction. P38
and HMOX-1 results indicate that 24 h exposure with silver and
quantum dots causes partial dependency upon NF-�B for oxidative
stress-related signaling. IL-1� blots suggest that NF-�B is responsi-
ble for controlling much of the inflammatory response in the dermal
cells tested.

4. Discussion

Specific, pathway-driven cellular responses to nanoparticle
exposures need to be further elucidated for improved drug deliv-
ery, immune/inflammatory response mechanism elucidation, and
gathering of basic toxicological response data. Studies comparing
multiple nanoparticle types and probing for specific uptake mech-

anisms and distinct signaling pathway responses are needed to
assess the effects of altering unique physicochemical characteris-
tics of particles, such as chemical composition, size, and surface
charge on appropriately dosed cell and tissues in culture.
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0.92 1.6 6 1.0 3 1.3 6 IL1RAP 1.99 2.3 9 1.3 3 2.1 3 

1.11 0.6 5 0.9 9 0.5 6 IL1RL2 0.4 0 1.6 4 1.0 9 1.2 0 

1.52 0.8 1 0.8 8 0.7 7 IL6 2.64 2.4 2 1.5 8 1.0 8 

0.89 1.2 0 1.1 8 1.8 8 IRAK1 2.71 2.2 9 3.1 9 3.2 0 
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Fig. 4. Immune gene expression. Heat map  of pathway-specific gene expression changes in normal HDF. Central column shows genes in bold, columns to the left and right
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This research describes a unique systematic investigation
esigned to assess the impact of a key inflammatory response medi-
tor, namely NF-�B, after exposure to a panel of nanoparticle types
n human skin cells. It is important to note that the cell type used in
he assays was primary in nature, thus the results reported in this
tudy are a better representation of an in vivo hazard assessment
hen compared to results obtained from an immortalized cell line.

n an in vivo dermal exposure, the first line of defense is the epi-
ermal layer of the skin, followed by the underlying dermal layer.

n homeostasis, this layer of the skin consists of primarily fibrob-
asts and very few wandering Langerhans cells. Fibroblast cultures
epresent the sentinel cells in an animal. Langerhans cells, even if
ctivated, do not persist in this area. Fibroblasts will remain intact
n the dermis, as they reside in this location. Lastly, these studies

ere conducted using very low doses and, thus, may be more phys-
ologically relevant than results from studies that use higher dosing
oncentrations.

A summary of experiments is outlined in an experimental
owchart (Supplemental Fig. 1). The chart describes experiments
ith normal, primary HDF cells and experiments carried out with
irally transduced NF-�B knockdown HDF cells. We  utilized a
tep-wise approach, beginning with coarse analyses of viability
nd antioxidant depletion. Then, we examined the finer analyses
f gene and protein modulation. Investigations with knockdown
), compared to untreated controls assessed at the same time point (8 or 24 h). Fold
.2–2.0 are pink and >2.0 red. (For interpretation of the references to color in this

cells were critical to determine the amount of NF-�B contribution
after treatments, therefore helping to elucidate one of the primary
immune and inflammatory response mechanisms in nanoparti-
cle exposures. By analyzing resultant response data, we were able
to make several speculations regarding the relationship between
nanoparticle characteristics and cellular stress or inflammatory
response outcomes.

The characteristics of every particle type used in these studies
were measured for size and agglomeration state, surface charge,
purity, density, and crystallinity. These particles were selected
because they were (1) produced in the liquid phase with specific
surface modifications to remain as suspensions in the aqueous
phase for longer than 30 days on the shelf and (2) engineered to be
of equivalent primary particle size. The silver particles were citrate
stabilized, the fullerols were fully hydroxylated, the quantum dots
were modified with carboxyl acid groups, and the titanium dioxide
particles were functionalized with acetic acid groups. While these
particles were designed to be water-suspendable and intended
to remain at a primary size of ∼20 nm,  the physiologic fluid (i.e.
cell culture media) significantly changed the zeta potential of the

particles. The change in zeta potential influenced a change in
the suspension iso-electric point, which is defined as the pH at
which a particle has no net charge. Changes in iso-electric point
cause particles that, under ultrapure water conditions, are normally
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Fig. 5. Early transcription factor stimulation. To determine nanoparticle-specific
differences in early transcription factor modulation, NF-�B inhibitor, IKB�, and
ERK1/2 MAP  kinase modulation in normal HDF were assessed after 20 ppm nanopar-
ticle exposure over 5–240 min. Blots are grouped by nanoparticle type. GAPDH
assured equal protein loading. Blots are representative of three identical experi-
ments.

Fig. 6. Downstream protein expression. Western blot analysis of NF-�B pathway-
related protein expression after 8 and 24 h exposure to 20 ppm silver, fullerol,
quantum dot, and titanium dioxide. Phosphorylated p38, HMOX-1, and IL-1� pro-
tein levels were assessed in both normal and NF-�B knockdown HDF cells. GAPDH
assured equal protein loading. Blots are representative of three identical experi-
ments.
tters 210 (2012) 293– 301 299

monodisperse to agglomerate and fall out of suspension at differen-
tial rates. Here, we  observed the silver particles to settle at a much
faster rate than any of the other particles. Therefore, the direct
interaction between these nanoparticles and the HDF  cells took
place over a longer time period and with a greater concentration
of particles when compared to the other particle types used in the
study. These observations (combined with the increased propen-
sity to produce ROS) led to the heightened NF-�B/ERK response in
the cells after exposure to silver. Interestingly, even though tita-
nium dioxide also induced high levels of GSSG, the NF-�B/ERK
response in these cells was  not elevated. This result further empha-
sizes that ROS production is not the only physicochemical property
of nanoparticles responsible for toxicological response; instead,
multiple physicochemical properties often act synergistically or
antagonistically to produce a range of biological responses.

Each of the four particles exhibits different physicochemical
properties, either in size, charge, or density, that correlate to other
results found in this study. For example, the density of silver is
much greater than that of the other particles. Quantum dots acquire
a relatively neutral surface charge in media, but remain very small
compared to the other three particles. Fullerols agglomerate sim-
ilarly in water compared to silver, but exhibit a highly negative
surface charge early, which could cause an increase in interaction
with biological components, such as cell membranes.

We previously reported that quantum dots modulated the tran-
scription factor NF-�B in HDF cells (Romoser et al., 2011). Lee et al.
found that upregulation of ERK1/2 occurred in monocytes, THC-1
cells, and BALB/c mice after exposures to CdSe/ZnS quantum dots
(Lee et al., 2009). There are conflicting data in the literature report-
ing both pro- and anti-oxidant properties after fullerol exposures.
C60 fullerenes have been shown to be toxic to HDF cells, but hydrox-
ylated fullerenes have not been tested in dermal cells (Sayes et al.,
2004, 2005). As for silver, Rolla et al. found in a multi-nanoparticle
study assessing possible modulation of many cellular signaling
pathways that silver significantly downregulated the SMAD/TGF-�
pathways, but upregulated the HIF-1� pathway (Rallo et al., 2011).
Titanium dioxide has been shown to modulate the NF-�B path-
way in both NIH-3T3 and BAES-2B cells exposed to 10 ng/mL and
10 �g/mL, respectively (Chen et al., 2011; Ge et al., 2011). These
studies tested aggregated P25 Degussa particles however, unlike
the present study.

To evaluate the response to nanoparticles in normal cells, we
assayed transcriptional response via a RT-PCR gene array, as well
as translational activity by way of protein analysis. A theme that
emerges in the immune-transcriptional profile of cells treated
with any of the assayed nanoparticles is a preparation for inflam-
mation. Those that were upregulated were pattern recognition
receptors (PRRs), their signal transduction machinery, inflamma-
tory cytokines, and their receptors. Not only was  inflammation
induced, but transcripts were prepared to put the cell on a hair-
trigger to escalate this response. TLR messages were upregulated
to survey for pathogen-associated molecular patterns (PAMPs). NF-
�B message levels were up and its inhibitors levels were down.
MYD88 was prepared to convey recognition of a threat by a PRR.
The MAP  kinase cascade was  primed. The complement cascade was
attenuated (via CD55/Decay-accelerating factor) in favor of general
inflammation. Additionally, IL-1 message levels increased, initiat-
ing the inflammatory cascade.

In evaluating early transcription factor activity, it was evident
that the MAP  kinase protein ERK1/2 was upregulated very early
(within a few minutes of exposure) in the case of each type of
nanoparticle exposure. Phosphorylation of I�B seemed to either be

concurrent with or immediately followed ERK1/2 activation. Guma
et al. has recently reported that in mice NF-�B does not trigger
destructive inflammation unless MAPKs (ERK and p38) are concur-
rently expressed (Guma et al., 2011). Silver-treated cells continued
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ig. 7. Schematic. Proposed schematic of HDF NF-�B pathway and related prote
inase  = pentagon; transcription factor = hexagon; cytokine = diamond; and other p

o cause upregulation of this signal transduction protein, which was
ossibly due to its relatively dense nature (see Table 1) and ability
o settle out faster than the other particles. This density-dependent
roperty of silver potentially exposed the cells to a greater concen-
ration of particles over time.

To assess the extent of NF-�B dependency in cells exposed
o a variety of nanoparticles, we analyzed differences in viabil-
ty, antioxidant depletion, and downstream protein upregulation
etween knockdown and normal dermal cells. To avoid confound-

ng toxicological effects that can occur with the use of pathway
nhibitors as a method to silence a particular cellular pathway,

e virally transduced our cells to specifically overexpress I�B�.
n the viability assay, NF-�B knockdown cells were more resis-
ant to death when treated with silver, fullerol, or quantum dots,
owever, when exposed to titanium dioxide exhibited an opposite
rend. NF-�B plays a substantial role in antioxidant generation after
anoparticle exposures. Oxidative stress leads to the accumulation
f glutathione disulfide (GSSG), thus GSSG measurements can be
sed as an indicator of cellular antioxidant protection effort.

NF-�B is known to play a role in apoptosis and may  be delay-
ng or preventing apoptosis in these nanoparticle-treated cells.
ecreased cell death in knockdown cells may  also be partially due

o decreased nanoparticle uptake, as compared to normal HDF (data
ot shown). Our antioxidant data suggest that NF-�B knockdown
ells are hypersensitive to insult, compared to normal cells, and

llow more antioxidant involvement (increase in GSSH) to occur,
ossibly protecting cells from ROS generated from nanoparticles
nd nanoparticle–cell interaction. In other words, NF-�B may  be
cting to suppress some of the antioxidant response in cells exposed
olvement after nanoparticle exposures. Protein classification is denoted as such:
s = oval.

to nanoparticles. We  observed that silver was more dense and
precipitated out of the media, possibly resulting in higher expo-
sures. That, combined with the fact that titanium dioxide was the
only positively charged particle when suspended in water in the
study, may  be reasons for the exaggerated GSH responses with
silver and titanium dioxide exposures. Furthermore, under optical
microscopy, silver and titanium dioxide aggregated severely. As for
differences in downstream protein expression, phosphorylation of
p38 was  evident after exposure to all four NP types, but was notably
less severe with NF-�B knockdown. This finding coincides with ear-
lier studies, which have shown in vivo that NF-�B inhibition can
lead to anti-inflammatory effects (Broide et al., 2005; Greten et al.,
2004). P38 is phosphorylated in response to IL-1 upregulation and
further aids in activation of IL-6 (Fig. 7). Phosphorylation of p38 and
JNK leads to activation of NF-�B and inflammatory response. This
cascade is driven by ROS and results in downstream upregulation
of inflammatory cytokines, such as IL-6, which was  upregulated
in the gene expression analysis at the later time point with all
nanoparticles except titanium dioxide. P38 and HMOX-1 results
indicate that 24 h exposure with silver and quantum dot causes par-
tial dependency upon NF-�B for oxidative stress-related signaling.
These findings, along with the IL-1� protein levels, suggest that NF-
�B is responsible for controlling the majority of the inflammatory
response in the dermal cells tested.

The HDF system employed here allowed for the cellular and

molecular analysis of potential immunotoxicological pathways
triggered by relevant exposures to chemically and physically
disparate nanoparticles (Benn et al., 2011; Gopee et al., 2009;
Wu et al., 2009). Such carefully chosen in vitro approaches should
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xpedite and direct subsequent in vivo studies to evaluate the safety
f these materials.
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SUPPLEMENTAL MATERIALS 
 
Supplemental Figure 1.  Experimental Design. Progression of experiments with four 
disparate nanoparticles tested in primary dermal fibroblasts with or without NF-κB 
signaling competency. Arrows relate viability, antioxidant, transcriptional and protein 
assays with nanoparticle concentrations cells and exposure times. 
 

 
 
 
 
 



Supplemental Figure 2. Differential NF-kB expression before and after NF-kB inhibition 
in HDF nuclear fractions. Insertion of NF-κB inhibitor (via IκB overexpression) or empty 
vector, which exerts antibiotic resistance, but absence of protein overexpression 
capability, were all probed for p65 NF-κB expression. While both cell types show the 
presence of NF-κB in cytosolic fractions, IκB overexpressed cells reveal no visible NF-
κB within the nucleus.   
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Supplemental Figure 3. Sizing profiles of the silver, fullerol, quantum dots, and titanium 
dioxide particles used in this study.  Size was measured via dynamic light scattering 
spectroscopy at particle concentration of 20 ppm. The size distribution of each particle was 
measured and graphed as percent intensity versus hydrodynamic diameter.   
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Supplemental Figure 4. Densitometric analysis was carried out to determine 
significance of p-IKBα and p-ERK1/2 expression differences in western blot results. 
Graphed results were normalized to GAPDH loading control and significance was 
compared between zero and all other exposure time points (zero equals untreated). 
*Statistically significant (p-val < 0.05). 
 

 
 



Supplemental Figure 5. Densitometric analysis was carried out to determine 
significance of p-p38, HMOX-1, and IL-1α expression differences in western blot results. 
Graphed results were normalized to GAPDH loading control. Significance between 
untreated and treated samples within same time point and cell type is denoted with “*” 
and significance between samples at same time point and treatment, but differing cell 
type is denoted with “†”. *,† Statistically significant (p-val<0.05). 

 

 



Supplemental Table 1.  Complete data set of all the genes studied by real time PCR. 
 
      

8h 24h 

Pos. Unigene GeneBank Symbol Description Gene Name Sil Full QD TiO2 Sil Full QD TiO2 

          

A01  Hs.197029 NM_000675 ADORA2A Adenosine A2a receptor ADORA2/RDC8 0.420 1.031 0.632 0.805 0.668  0.736 0.414 

A02  Hs.494997 NM_001735 C5 Complement component 5 CPAMD4 0.787 1.211 1.013 1.025 0.822 1.765 1.122 1.45 

A03  Hs.93210 NM_000562 C8A 
Complement component 8, alpha 
polypeptide 

C8A 
        

A04  Hs.51120 NM_004345 CAMP Cathelicidin antimicrobial peptide CAP18/CRAMP         

A05  Hs.2490 NM_033292 CASP1 
Caspase 1, apoptosis-related cysteine 
peptidase (interleukin 1, beta, 
convertase) 

ICE/IL1BC 
0.678 0.798 0.867 0.9438 1.202 1.713 1.398 1.062 

A06  Hs.138378 NM_001225 CASP4 
Caspase 4, apoptosis-related cysteine 
peptidase 

ICE(rel)II/ICEREL-II 
1.181 0.846 0.883 1.0514 1.281 1.269 0.999 1.033 

A07  Hs.303649 NM_002982 CCL2 Chemokine (C-C motif) ligand 2 GDCF-2/HC11 0.807 0.620 0.770 0.8782 0.955 0.824 1.071 1.360 

A08  Hs.506190 NM_001837 CCR3 Chemokine (C-C motif) receptor 3 CC-CKR-3/CD193 0.648 0.995 0.807 0.7155 1.013 0.912 0.242 0.745 

A09  Hs.163867 NM_000591 CD14 CD14 molecule CD14     0.403 14.23 2.762 12.85 

A10  Hs.1799 NM_001766 CD1D CD1d molecule CD1A/R3         

A11  Hs.126517 NM_000574 CD55 
CD55 molecule, decay accelerating 
factor for complement (Cromer blood 
group) 

CR/CROM 
1.117 1.014 1.013 1.0508 1.944 2.259 1.50 0.949 

A12  Hs.198998 NM_001278 CHUK 
Conserved helix-loop-helix ubiquitous 
kinase 

IKBKA/IKK-alpha 
0.945 0.626 0.774 0.8375 1.757 1.592 1.283 0.770 

B01  Hs.464422 NM_130386 COLEC12 Collectin sub-family member 12 CLP1/NSR2 0.653 1.129 0.933 0.9631 0.877 1.441 0.971 0.810 

B02  Hs.709456 NM_000567 CRP C-reactive protein, pentraxin-related PTX1         

B03  Hs.593413 NM_003467 CXCR4 Chemokine (C-X-C motif) receptor 4 CD184/D2S201E         

B04  Hs.292356 NM_000397 CYBB Cytochrome b-245, beta polypeptide CGD/GP91-1         

B05  Hs.105924 NM_004942 DEFB4 Defensin, beta 4 DEFB-2/DEFB102         

B06  Hs.279611 NM_004406 DMBT1 Deleted in malignant brain tumors 1 GP340/muclin         

B07  Hs.203717 NM_002026 FN1 Fibronectin 1 CIG/DKFZp686F10164 0.545 1.106 0.917 1.1394 1.685 2.240 1.762 1.732 

B08  Hs.517581 NM_002133 HMOX1 Heme oxygenase (decycling) 1 HO-1/HSP32 27.62 1.134 0.739 0.7956 11.15 1.789 1.475 0.627 

B09  Hs.37026 NM_024013 IFNA1 Interferon, alpha 1 IFL/IFN 0.483 0.955 0.862 1.0117 1.129 1.34 1.455 2.15 

B10  Hs.93177 NM_002176 IFNB1 Interferon, beta 1, fibroblast IFB/IFF     0.861 2.598 1.521 3.281 

B11  Hs.520414 NM_000416 IFNGR1 Interferon gamma receptor 1 CD119/IFNGR 0.946 1.024 0.691 0.9150 1.311 1.615 1.491 1.331 

B12  Hs.634632 NM_005534 IFNGR2 
Interferon gamma receptor 2 (interferon 
gamma transducer 1) 

AF-1/IFGR2 
0.908 0.759 0.866 0.8245 0.904 1.698 1.726 1.417 

C01  Hs.597664 NM_001556 IKBKB 
Inhibitor of kappa light polypeptide 
gene enhancer in B-cells, kinase beta 

IKK-beta/IKK2 
0.919 1.202 1.000 1.1386 1.124 2.259 1.151 1.683 

C02  Hs.193717 NM_000572 IL10 Interleukin 10 CSIF/IL-10 0.785 1.233 0.502 1.3449 1.455 1.075 0.684 1.896 

C03  Hs.479347 NM_001559 IL12RB2 Interleukin 12 receptor, beta 2 RP11-102M16.1 0.584 0.828 0.428 0.6424  1.041 2.123 5.595 

C04  Hs.1722 NM_000575 IL1A Interleukin 1, alpha IL-1A/IL1 0.604 1.261 1.360 0.7911 5.126 2.258 2.374 2.181 

C05  Hs.126256 NM_000576 IL1B Interleukin 1, beta IL-1/IL1-BETA 0.777 0.798 0.550 1.0895 4.239 1.898 1.257 2.264 

C06  Hs.306974 NM_173161 IL1F10 Interleukin 1 family, member 10 (theta) FIL1-theta/FKSG75         

C07  Hs.516301 NM_012275 IL1F5 Interleukin 1 family, member 5 (delta) FIL1/FIL1(DELTA)         

C08  Hs.278910 NM_014440 IL1F6 Interleukin 1 family, member 6 (epsilon) FIL1/FIL1(EPSILON)         

C09  Hs.166371 NM_173205 IL1F7 Interleukin 1 family, member 7 (zeta) FIL1/FIL1(ZETA) 0.281 1.324 0.967 0.5218 29.49 14.72 13.95 36.11 

C10  Hs.278909 NM_173178 IL1F8 Interleukin 1 family, member 8 (eta) FIL1/FIL1-(ETA) 2.429 1.178 0.837 2.1693     

C11  Hs.211238 NM_019618 IL1F9 Interleukin 1 family, member 9 IL-1F9/IL-1H1 0.393  1.468   5.483 1.837  

C12  Hs.701982 NM_000877 IL1R1 Interleukin 1 receptor, type I CD121A/D2S1473 0.650 0.825 0.857 0.9307 0.629 1.555 1.165 0.960 

D01  Hs.25333 NM_004633 IL1R2 Interleukin 1 receptor, type II CD121b/IL1RB 1.009 0.237 0.466 0.2387 0.634 0.617 0.241  

D02  Hs.478673 NM_002182 IL1RAP Interleukin 1 receptor accessory protein C3orf13/IL-1RAcP 0.916 1.664 1.027 1.3645 1.987 2.388 1.327 2.130 

D03  Hs.675519 NM_017416 IL1RAPL2 
Interleukin 1 receptor accessory 
protein-like 2 

IL-1R9/IL1R9 
0.601 0.989 1.390 0.6888  0.514 0.910 1.413 

D04  Hs.659863 NM_003854 IL1RL2 Interleukin 1 receptor-like 2 IL1R-rp2/IL1RRP2 1.112 0.653 0.991 0.5583 0.402 1.637 1.086 1.204 

D05  Hs.81134 NM_000577 IL1RN Interleukin 1 receptor antagonist ICIL-1RA/IL-1ra3 0.837 1.284 0.499 0.4624     

D06  Hs.654458 NM_000600 IL6 Interleukin 6 (interferon, beta 2) BSF2/HGF 1.515 0.814 0.878 0.7693 2.644 2.418 1.575 1.080 

D07  Hs.522819 NM_001569 IRAK1 
Interleukin-1 receptor-associated 
kinase 1 

IRAK/pelle 
0.889 1.196 1.180 1.8760 2.705 2.290 3.198 3.198 

D08  Hs.449207 NM_001570 IRAK2 
Interleukin-1 receptor-associated 
kinase 2 

IRAK-2 
0.768 0.580 0.700 0.6441 1.389 0.630 0.739 0.820 

D09  Hs.436061 NM_002198 IRF1 Interferon regulatory factor 1 IRF-1/MAR 0.756 1.298 0.819 1.2068 0.765 1.544 1.454 1.813 

D10  Hs.72938 NM_002289 LALBA Lactalbumin, alpha- MGC138521         

D11  Hs.154078 NM_004139 LBP Lipopolysaccharide binding protein MGC22233         

D12  Hs.529517 NM_002343 LTF Lactotransferrin GIG12/HLF2         

E01  Hs.660766 NM_015364 LY96 Lymphocyte antigen 96 MD-2/MD2 0.841 1.045 0.847 1.0367 1.817 1.237 1.093 0.899 

E02  Hs.524579 NM_000239 LYZ Lysozyme (renal amyloidosis) LZM/lysozyme 0.273  0.988     1.158 

E03  Hs.485233 NM_001315 MAPK14 Mitogen-activated protein kinase 14 CSBP1/CSBP2 0.728 1.054 0.920 1.1487 1.263 1.582 1.480 1.509 

E04  Hs.138211 NM_002750 MAPK8 Mitogen-activated protein kinase 8 JNK/JNK1 0.770 0.849 0.940 0.9371 1.557 1.809 1.575 1.626 

E05  Hs.407995 NM_002415 MIF 
Macrophage migration inhibitory factor 
(glycosylation-inhibiting factor) 

GIF/GLIF 
0.935 1.197 0.998 1.1617 1.669 1.350 1.085 0.904 

E06  Hs.82116 NM_002468 MYD88 
Myeloid differentiation primary 
response gene (88) 

MYD88D 
0.769 1.181 1.180 1.3350 1.249 1.742 1.447 1.784 

E07  Hs.474781 NM_000631 NCF4 Neutrophil cytosolic factor 4, 40kDa NCF/P40PHOX  1.155  1.1129     

E08  Hs.654408 NM_003998 NFKB1 
Nuclear factor of kappa light 
polypeptide gene enhancer in B-cells 1 

DKFZp686C01211/EB
P-1 0.896 0.901 0.947 0.9023 1.470 1.298 1.163 0.802 

E09  Hs.73090 NM_002502 NFKB2 
Nuclear factor of kappa light 
polypeptide gene enhancer in B-cells 2 
(p49/p100) 

LYT-10/LYT10 
0.717 1.292 1.136 1.2886 1.176 1.76 2.209 1.356 

E10  Hs.81328 NM_020529 NFKBIA 
Nuclear factor of kappa light 
polypeptide gene enhancer in B-cells 
inhibitor, alpha 

IKBA/MAD-3 
1.116 1.034 0.954 0.9956 1.046 1.113 1.113 0.651 

E11  Hs.574741 NM_021209 NLRC4 NLR family, CARD domain containing 4 CARD12/CLAN 0.366 0.520 0.813 0.5262 1.910 2.593 1.993 0.552 

E12  Hs.709191 NM_000625 NOS2 Nitric oxide synthase 2, inducible HEP-NOS/INOS         



F01  Hs.137583 NM_005091 PGLYRP1 Peptidoglycan recognition protein 1 PGLYRP/PGRP     7.073 11.47 4.892 9.837 

F02  Hs.282244 NM_052890 PGLYRP2 Peptidoglycan recognition protein 2 HMFT0141/PGLYRPL         

F03  Hs.348266 NM_052891 PGLYRP3 Peptidoglycan recognition protein 3 PGRP-Ialpha/PGRPIA   0.334      

F04  Hs.2164 NM_002704 PPBP 
Pro-platelet basic protein (chemokine 
(C-X-C motif) ligand 7) 

B-TG1/Beta-TG 
        

F05  Hs.224698 NM_000312 PROC 
Protein C (inactivator of coagulation 
factors Va and VIIIa) 

PC/PROC1 
        

F06  Hs.709174 NM_000952 PTAFR Platelet-activating factor receptor PAFR  1.887       

F07  Hs.19413 NM_005621 S100A12 S100 calcium binding protein A12 CAAF1/CAGC         

F08  Hs.525557 NM_000295 SERPINA1 
Serpin peptidase inhibitor, clade A 
(alpha-1 antiproteinase, antitrypsin), 
member 1 

A1A/A1AT 
1.225 1.594 1.016 1.0192 0.769 1.553  1.961 

F09  Hs.414795 NM_000602 SERPINE1 
Serpin peptidase inhibitor, clade E 
(nexin, plasminogen activator inhibitor 
type 1), member 1 

PAI/PAI-1 
0.788 1.092 0.797 1.0791 0.976 1.473 0.883 1.296 

F10  Hs.253495 NM_003019 SFTPD Surfactant protein D COLEC7/PSP-D 0.410 0.582 0.740 0.5061 146.5 170.3 110.0 404.2 

F11  Hs.645227 NM_000660 TGFB1 Transforming growth factor, beta 1 CED/DPD1 0.871 1.033 1.008 1.1351 0.935 1.548 1.617 1.765 

F12  Hs.654532 NM_003263 TLR1 Toll-like receptor 1 
CD281/DKFZp547I061
0      2.639 0.749 0.799 

G01  Hs.120551 NM_030956 TLR10 Toll-like receptor 10 CD290         

G02  Hs.519033 NM_003264 TLR2 Toll-like receptor 2 CD282/TIL4     0.634 1.213 1.140  

G03  Hs.657724 NM_003265 TLR3 Toll-like receptor 3 CD283 1.169 2.587 1.795 1.9203 0.744 1.416 1.379 0.837 

G04  Hs.174312 NM_138554 TLR4 Toll-like receptor 4 ARMD10/CD284 1.134 0.852 0.930 0.9944 1.089 1.005 0.948 0.872 

G05  Hs.662185 NM_006068 TLR6 Toll-like receptor 6 CD286 1.085 1.841 1.361 0.9697 1.278 1.866 1.377 1.277 

G06  Hs.660543 NM_138636 TLR8 Toll-like receptor 8 CD288         

G07  Hs.87968 NM_017442 TLR9 Toll-like receptor 9 CD289         

G08  Hs.241570 NM_000594 TNF-α 
Tumor necrosis factor (TNF 
superfamily, member 2) 

DIF/TNF-alpha 
    0.444 0.535 0.356 0.397 

G09  Hs.279594 NM_001065 TNFRSF1A 
Tumor necrosis factor receptor 
superfamily, member 1A 

CD120a/FPF 
0.895 1.105 0.902 1.0035 0.836 1.133 0.860 0.366 

G10  Hs.368527 NM_019009 TOLLIP Toll interacting protein IL-1RAcPIP 1.155 0.707 1.016 0.7538 1.389 1.320 1.216 0.645 

G11  Hs.591983 NM_004620 TRAF6 TNF receptor-associated factor 6 MGC:3310/RNF85 1.133 0.773 0.979 0.7916 1.377 1.578 1.376 0.923 

G12  Hs.283022 NM_018643 TREM1 
Triggering receptor expressed on 
myeloid cells 1 

TREM-1 
1.284   3.535     
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