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Abstract: Besides cell death, nanoparticles (Nps) can induce other cellular responses such as
inflammation. The potential immune response mediated by the exposure of human lymphoid
cells to metal oxide Nps (moNps) was characterized using four different moNps (CeO,, TiO,,
AlLO,, and ZnO) to study the three most relevant mitogen-activated protein kinase subfamilies
and the nuclear factor kappa-light-chain-enhancer of the activated B-cell inhibitor, IkBo., as
well as the expression of several genes by immune cells incubated with these Nps. The moNps
activated different signaling pathways and altered the gene expression in human lymphocyte
cells. The ZnO Nps were the most active and the release of Zn*" ions was the main mechanism
of toxicity. CeO, Nps induced the smallest changes in gene expression and in the IkBot protein.
The effects of the particles were strongly dependent on the type and concentration of the Nps
and on the cell activation status prior to Np exposure.
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Introduction
Exposure to different nanomaterials (NMs) has increased in recent years due to their
presence in a large number of commercial products. The workplaces where these
products are manufactured represent another potential source of accidental exposure
to NMs. Metal oxide nanoparticles (moNps) are among the most widely used NMs,
with several applications in industries such as cosmetics and paints. Due to the spe-
cial physicochemical properties of the moNps, some of them have been proposed as
biomedical agents, either alone or in combination with other materials. Examples
include magnetic Nps for imaging applications and for hyperthermia,' Al,O, Nps as a
coating agent for magnetic Nps,? and ZnO Nps as antibacterial or antitumoral agents.?
Moreover, the antioxidant properties of CeO, Nps are being explored for the treatment
of diseases related to increased oxidative stress, such as Alzheimer and Parkinson.**
Likewise, the use of silver particles in nanoporous TiO, and Al O, implants is another
good example of the potential application of moNps in biomedicine.” However, the
cellular and molecular effects of many moNps have not been fully characterized,
although some effects on cell death, genotoxicity, and the production of reactive
oxygen species by them have been described.® ! There has been a steady increase
in the number of studies concerning gene expression and proteomic analysis,'>"* but
more investigations are urgently needed, especially those involving a comparison of
the effects induced by different Nps on immune cells and aimed at understanding the
cellular pathways that are activated by these NMs.

When exposed to a stimulus, the immune cells may activate a variety of signal-
ing pathways that induce different responses, such as proliferation, differentiation,
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migration, and inflammatory and immune responses.
Mitogen-activated protein kinases (MAPKs) are a family
of proteins that control many physiological processes in
multicellular organisms'® and there are three particularly
relevant subfamilies: extracellular signal-regulated kinases
(ERKs), the p38 kinases, and the c-Jun amino-terminal
kinases (JNKs), also called stress-activated protein kinases
(SAPKs). While ERKs are mainly involved in the control of
cell division, p38 kinases are MAPKSs that are activated by
inflammatory cytokines and environmental stress, while the
INKSs are critical regulators of transcription. Indeed, mem-
bers of the p38 and SAPK/INK families generally induce
apoptosis, whereas ERK has been involved in cell survival.!”
In addition, the nuclear factor kappa-light-chain-enhancer of
the activated B-cell (NFxB) family of transcription factors
(TFs) are also key regulators of immune, inflammatory, and
acute phase responses, and these TFs are also involved in the
control of cell proliferation, apoptosis, and oncogenesis.'®
The work described here involves a study of the activation
of MAPK and NFxB caused by four different moNps (CeO,,
TiO,, ALO,,
concentrations of Nps were tested: 10 and 100 pg/mL for
Ce0,, TiO,, and Al,O, Nps and 5 and 50 pg/mL for ZnO Nps
due to their high cell toxicity,'” with an LD50 of 55 pg/mL in
Jurkat.?’ Moreover, the influence of the Zn?* metal ion was

and ZnO) in a human T-cell line. Two different

studied by adding ZnCl, salt to the cells because ion release
and the subsequent loss of ion homeostasis in the cells has
been proposed as a relevant mechanism associated with the
toxicity of ZnO Nps.!321:22

In addition to the release of ions, other Np-specific
effects have also been reported,”?* including the trig-
gering of several genes that lead to changes in distinct
physiological processes such as metabolism or mitosis. It
is well known that the previous status of the cell can have
a marked influence on the signaling routes to be activated.
For example, the activation of T cells through the T-cell
receptor leads to the phosphorylation of the ERK protein in
naive cells, while the p38 protein is more affected in cells
that have been previously antigen-primed.”> Moreover,
activation of ERK induces the degradation of the signalo-
some, which impairs signaling, whereas p38 facilitates
cell activation.” For this reason, a well-known lympho-
cyte activator (phytohemagglutinin [PHA]) was also used
to stimulate the T-cell line before their incubation with
the moNps. In order to follow the activation of different
intracellular pathways, quantitative PCR (qPCR) was car-
ried out to study the expression of several genes related
with processes such as apoptosis, inflammation, cell cycle
progression, and metabolism.

Materials and methods

Nanoparticles

The Nps (TiO, [3.594£0.94 nm], AL,O, [13.56£8.37 nm], CeO,
[13.04£12.13 nm], and ZnO [36.16£18.27 nm]) were supplied
by PlasmaChem (Berlin, Germany) and Evonik Industries AG
(Essen, Germany) as part of the Health Impact of Engineered
Metal and Metal Oxide Nanoparticles: Response, Bioimag-
ing and Distribution at Cellular and Body Level project
(European Union’s seventh framework program). The Np
size was determined by high-resolution transmission electron
microscopy, and all of the Nps were uncoated and free of
surfactant. The transmission electron microscopy images and
dynamic light scattering characterization have been described
previously®® and they are shown in Figure S1.

The Nps were resuspended in milli-Q water at 10 mg/mL
and, after sonication, 10% fetal bovine serum was added
to reduce the aggregation of the Nps. Finally, the Nps
were diluted to the working concentration in cell culture
medium. The concentrations tested were 10 and 100 pg/mL
for all Nps except for the ZnO Nps, which were tested at
5 and 50 pg/mL due to toxicity issues, as explained in the
“Introduction” section.

Cells

The Jurkat cell line was purchased from the American Type
Culture Collection, Middlesex, UK. The cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine
serum and penicillin—streptomycin at 37°C in the presence of
5% CO, (Thermo Fisher Scientific, Waltham, MA, USA).

Incubation of the Nps with the cells,
preparation of the cell extracts, and

Western blots

Incubation of the Nps with Jurkat cells, preparation of the
cell extracts, and Western blots were performed as described
in a previous publication for a lung epithelial cell line.”
The same protocol was also used for the Zn*" ions at 1, 10,
and 100 pg/mL.

For cell activation, PHA (Sigma-Aldrich Co., St Louis,
MO, USA) was added to the culture medium at 8 pg/mL and
the cells were incubated overnight. The cells were then washed
by centrifugation (266x g at 4°C for 5 minutes) in a Sorvall
ST 16R centrifuge (Thermo Fisher Scientific) and suspended
in RPMI prior to the addition of Nps.

gPCR studies of gene expression
Changes in gene expression were determined by real-time
PCR or qPCR, using TagMan 96-well plates with predesigned
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assays (4418775, Signal Transduction Pathways) and the Tag-
Man Fast Advanced Master Mix (Thermo Fisher Scientific)
run on a 7900HT Fast Real-Time PCR System (AB, Thermo
Fisher Scientific). Jurkat cells were incubated with the Nps
for 24 hours at 100 pg/mL, except for the ZnO Nps where the
concentration was 20 times lower (5 pg/mL), and RNA was
extracted and purified with the GenelJet extraction kit (Thermo
Fisher Scientific). Genomic DNA was removed using DNase
I (RNA-free) and complementary DNAs (cDNAs) were syn-
thesized using a Maxima First Strand cDNA Synthesis kit
(Thermo Fisher Scientific). The amount of cDNA per plate and
sample was calculated relative to glyceraldehyde 3-phosphate
dehydrogenase using different dilutions of cDNA to check
the optimal dilution and the qPCR data were analyzed using
SDS 2.4 and RQ Manager 1.2.1 software (Thermo Fisher
Scientific, Waltham, MA, USA). For each Np, two indepen-
dent measurements were taken and the value of the relative
quantification was averaged, with glyceraldehyde 3-phosphate
dehydrogenase used as the internal control. Values with a high
standard deviation or genes that were not amplified in one of
the two experiments were not taken into account.

Results
Differential expression of p-ERK, p-p38,
and p-SAPK/JNK in the Jurkat cell line

and the effect of prestimulation with PHA
The expression of p-ERK (1,2), p-p38, and p-SAPK/INK
induced by the moNps was studied in nonactivated (—PHA)
or activated (+PHA) Jurkat cells (Figures 1 and S2).

The TiO, Nps induced a strong phosphorylation of
ERK-1, mostly after 3 hours in nonstimulated cells. However,
CeO, and ZnO Nps induced higher levels of the phosphory-
lated protein in PHA-stimulated cells than in nonstimulated
cells, although in all cases, the Nps induced protein activa-
tion. The AL O, Nps produced small changes compared to
the controls irrespective of whether or not the cells had been
prestimulated with PHA.

Regarding p-p38, the strongest phosphorylation of this
protein was induced by ZnO Nps (Figures 1 and S2). Never-
theless, the CeO, and TiO, Nps induced high levels of phos-
phorylation in PHA-stimulated cells, while activation of p38
protein was not observed in the cells exposed to AL,O, Nps.

Similarly, activation of p-SAPK/JNK was not detected
after 1 hour in the presence of any of the Nps analyzed,
although both phosphoproteins were detected after 3 hours
in the presence of the ZnO Nps (Figures 1 and S2). Prestimu-
lation with PHA did not have any significant effect on the
phosphorylation of this protein.

The activation of the MAPKs was dose-dependent and
at a tenfold lower concentration. p38 and SAPK/JNK were
only activated when the cells were incubated with ZnO
Nps (Figure S3).

Expression of the NFxB inhibitor, IkBa,

in the Jurkat cell line

The effects of Nps on the IkBa protein, that is, the NFxB
inhibitor, were characterized in the Jurkat cell line (Figures 1
and S2) and all of the moNps induced changes in this protein
at 3 hours.

After 1 hour, the ALLO, Nps had increased the expression of
this protein and this effect was even more marked at 3 hours; in
contrast, the other Nps did not have any effect on unstimulated
(-PHA) cells at short times, but a decrease in the expression of
this IxBo protein was observed at 3 hours in both unstimulated
and stimulated cells, which indicates activation of the NFxB
nuclear factor under these conditions.

Exposure of the Jurkat cells to a tenfold lower concentration
of Nps for 3 hours led to [IkBo degradation only in the case of
ZnO Nps (Figure S3), both in unstimulated and prestimulated
cells. A weak effect was also observed with the TiO, Nps.

The activation induced by PHA alone led to degradation
of IxkBat in the cells, but in combination with the Nps, this
effect was even more marked.

Effect of Zn?*" ions on the activation

pathway induced by ZnO Nps
It has been reported that ZnO Nps are highly soluble com-
pared to other moNps, but there is discrepancy in the litera-
ture concerning the solubility of these Nps in physiological
media'22,27,28

In order to assess whether the effect induced by ZnO Nps on
Jurkat cells was due to the Np itself or to the Zn** ions released
by the particles, the cells were exposed to ZnCl, salt at three
different concentrations (1, 10, and 100 pg/mL Zn?*) and the
MAPK and NFkB activation was assessed in Western blots.

It can be seen from Figures 2 and S4 that phosphorylation
of p38 was enhanced at concentrations of 10 and 100 pg/mL
of Zn** irrespective of the pretreatment of cell with PHA. The
MAPK pathway was the most sensitive to this metal. Indeed,
p-p38 could be detected 1 hour after exposure to 1 pg/mL of
Zn**. These results are similar to those obtained with ZnO
Nps (5 pg/mL), which induced p-p38 under almost all of the
conditions tested (Figure S3).

SAPK/INK phosphorylation was detected after both
1 and 3 hours in the presence of Zn?* ions at 100 pg/mL and
after 3 hours at 10 ug/mL (Figures 2 and S4). Similarly,
alow concentration of the Zn**ions (1 pg/mL) did not induce
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Figure | Expression of p-ERK (1,2), p-p38, p-SAPK/JNK, and IkBo. in Jurkat cells incubated with CeO,, TiO,, Al,O,, and ZnO Nps.

273

Notes: The cells were tested in the presence (+PHA) or absence (—PHA) of PHA to assess the effect of lymphocyte preactivation on the cell response to the Nps. GAPDH
was used as a loading control and two different times were tested (| and 3 hours). The protein was quantified and the difference in the protein levels is shown. The bars
represent the average intensity normalized to the control sample and the error bars represent the standard deviation. *Statistically significant difference (P<<0.05) in the level
of protein compared with the control (sample without Nps). The horizontal lines represent the treated samples that are statistically different from the control sample for

both proteins studied. All Nps were tested at 100 pg/mL, except for ZnO (50 ug/mL).

Abbreviations: ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; h, hour; IkBa, nuclear factor kappa-light-chain-enhancer of
the activated B-cell inhibitor; JNK, c-Jun amino-terminal kinase; Nps, nanoparticles; PHA, phytohemagglutinin; SAPK, stress-activated protein kinase.

phosphorylation of these kinases and the pretreatment of cells
with PHA did not alter their phosphorylation.

In the case of ERK, only the highest concentration
of the Zn** ion (100 pg/mL) induced phosphorylation in
prestimulated and unstimulated Jurkat cells after both 1 and
3 hours (Figures 2 and S4). This result is consistent with

those obtained for the ZnO Nps (50 pwg/mL) under almost
all of the conditions studied (Figures 1 and S2).

As far as the NFkB pathway activation is concerned,
the pattern was similar to that observed for p-SAPK/INK
(Figures 2 and S4). Degradation of [kBo was detected after
1 hour at the highest Zn?* concentration and after 3 hours at
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Figure 2 Influence of the Zn* ion concentration on the activation of MAPK and NFkB in Jurkat cells.
Notes: The influence of ion release on the toxicity induced by ZnO nanoparticles was studied by incubating Jurkat cells, prestimulated (+PHA) or not (-PHA) with PHA,
with three different concentrations of ZnCl, salt as the source of Zn** ions (I, 10, and 100 pg/mL), and measuring the activation of ERK (1,2), p38, SAPK/JNK, and the NFxB
pathways at | and 3 hours. *Statistically significant difference (P<0.05) in the level of protein compared with the control (untreated sample). The horizontal lines represent
the treated samples that are statistically different from the control sample for both proteins studied.
Abbreviations: ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IkBo, NFxB inhibitor; JNK, c-Jun amino-terminal kinase;
MAPK, mitogen-activated protein kinase; NFkB, nuclear factor kappa-light-chain-enhancer of the activated B-cell; PHA, phytohemagglutinin; SAPK, stress-activated

protein kinase.

concentrations of both 10 and 100 pg/mL. The lowest con-
centration of Zn** (1 ug/mL) was also able to induce IkBo
degradation in prestimulated cells. It is important to note that
PHA treatment induced some degradation of this protein, but
the combination of PHA with the Nps or Zn?* ion further
enhanced activation of the NFxB pathway.

Expression of genes in signal transduction
pathways in the Jurkat cell line

The changes in the expression of a group of selected genes
that participate in different cell functions were analyzed. The
genes studied are summarized in Table 1 and those genes that
showed the highest relative changes, either upregulated or

International Journal of Nanomedicine 2016:1 |
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Table | Changes in the expression of selected genes in the Jurkat cell line

CeO, TiO, AlLO, ZnO Gene Name Function
3.17 0.84 ACTB Beta-actin Cell structure and motility
0.76 2.24 B2M Beta-2-microglobulin Component of the MHC class |
1.55 3.84 BAX BCL2-associated X protein Apoptotic activator
1.77 6.33 BCL2AI BCL2-related protein Al Anti-apoptotic
0.95 0.94 2.69 1.33 BIRC2 Baculoviral IAP repeat-containing 2 Apoptotic inhibitor
0.70 3.58 1.23 BIRC3 Baculoviral IAP repeat-containing 3 Apoptotic inhibitor
1.37 0.23 I.11 CCL2 Chemokine (C-C motif) ligand 2 Chemotactic factor
0.70 4.97 0.80 CCNDI Cyclin DI Cell cycle regulation
2.44 2.51 2.73 3.79 CDKNIA Cyclin-dependent kinase inhibitor 1A Cell cycle GI phase arrest
3.21 0.71 CDKNIB Cyclin-dependent kinase inhibitor 1B Cell cycle progression at G|
1.14 3.33 0.85 CEBPB CCAAT/enhancer-binding protein beta Transcription factor
0.99 19.39 CYPI9AI Cytochrome P450, family 19-A, | Drug metabolism
1.44 6.50 0.24 FASN Fatty acid synthase Lipid metabolism
1.36 3.31 0.77 GADD45A Growth arrest and DNA-damage-inducible, alpha Cell cycle arrest, DNA repair
0.72 0.88 0.97 041 GYS| Glycogen synthase | Glycogen metabolism
1.17 1.21 2.44 1.02 IKBKB Inhibitor of x light polypeptide gene enhancer in NF-kappa-B signaling pathway
B cells, kinase beta
1.29 0.73 15.28 3.51 IL-2 Interleukin-2 T-cell clonal expansion. Thl
0.24 341 IL-8 Interleukin-8 Chemokine
0.83 1.32 2.27 JUN Jun proto-oncogene Transcription factor
1.82 2.05 6.65 MDM2 p53 E3 ubiquitin protein ligase homologue Inhibitor of p53
4.72 5.12 NAIP NLR family, apoptosis inhibitory protein Apoptotic inhibitor
0.83 3.05 PPARG Peroxisome proliferator-activated receptor gamma Nuclear receptor/glucose
homeostasis
0.72 0.90 1.38 0.38 PRKCE Protein kinase C, epsilon Cell adhesion/cell cycle
1.01 1.42 3.73 0.50 PTCHI Patched | Receptor/tumor suppressor
2.56 12.03 RBPI Retinol-binding protein I, cellular Carrier protein/retinol
transport
0.59 1.56 1.64 0.39 VEGFA Vascular endothelial growth factor A Growth factor

Notes: Jurkat cells were incubated for 24 hours with CeO,, TiO,, Al,O,, and ZnO Nps. The values in the table represent the relative quantification with respect to the

273

control sample (in the absence of Nps). The genes upregulated or downregulated (at least fourfold or more) are highlighted in bold.

Abbreviations: NF, nuclear factor; Nps, nanoparticles; NLR, NOD-like receptors.

downregulated, are highlighted. Interestingly, only one gene
was upregulated in all of the samples, namely, the CDKN1A4
(cyclin-dependent kinase inhibitor 1A), which is involved in
cell cycle G1 phase arrest.

In comparison with the CeO, Nps, which did not induce
major changes, each of the other Nps modified the expres-
sion of some genes. For example, Al,O, Nps induced the
expression of some antiapoptotic genes (BCL2A1 and
NAIP) and cytokines (/L-2 and /L-8), as well as upregulated
others: CEBPB, a TF involved in inflammation and immune
responses; MDM?2, encoding an inhibitor of the p53 protein
(and is transcriptionally regulated by this protein); and the
FASN and RBP1 genes, which are related to lipid metabolism
and cholesterol homeostasis, respectively.

In cells exposed to the ZnO Nps, the expression
of RBPI and IL-2 was upregulated, as was that of the
CYP19A1 gene involved in xenobiotic metabolism and
redox reactions, while the expression of the FASN gene
was downregulated. In the case of TiO, Nps, the CCND!

gene involved in regulating the G1/S cell cycle transi-
tion was upregulated, as were the NA/P (an inhibitor of
apoptosis) and MDM?2 genes, while both the /L-2 and
IL-8 cytokine genes and the CCL2 chemokine gene were
downregulated.

Discussion

Two of the main activation pathways (MAPK and NFxB)
were studied to test the possible cellular response induced
by four different moNps (CeO,, TiO,, Al,O,, and ZnO) in
Jurkat cells (derived from human T lymphocytes).

ZnO Nps at 50 pug/mL activated the three MAPKs.
p38 and SAPK/INK were also activated in the presence of
5 ug/mL ZnO Nps, probably due to the enhanced suscepti-
bility of the lymphoid cells to these Nps. Indeed, ZnO Nps
were the only ones tested that activated SAPK/JNK, which is
mainly involved in apoptosis,* and this finding is consistent
with the cytotoxic effects previously observed for these Nps
in several cell lines," including Jurkat cells.?
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CeO, and TiO, Nps (100 pg/mL) activated ERK (1,2) and
p38, while Al,O, Nps only induced ERK (1,2) activation after
3 hours of exposure at the same concentration. This activa-
tion was dose-dependent as it was not produced by any of
these Nps at low concentration (10 pg/mL). Prestimulation of
Jurkat cells with PHA modified the extent, but not the pattern
of MAPK activation. Only ERK was activated by prestimu-
lation with PHA, although this activation was weaker than
that observed following exposure to the Nps. The combina-
tion of both treatments induced stronger phosphorylation,
although there were some differences in terms of the time
and/or protein level.

The toxicity induced by the ZnO Nps in vitro could be
mostly due to ion release, as suggested elsewhere.!32!:22
MAPK activation induced by Zn?*" ions in Jurkat cells
involved the same pattern of p38 and SAPK/JNK phos-
phorylation at concentrations of 10 and 100 pg/mL, but not
at 1 pg/mL. In fact, the highest concentration of Zn?* salt
induced earlier activation of SAPK/JNK than that observed
with the ZnO Nps. As expected, the effects observed with
the ZnO Nps or the Zn?* salt were dose-dependent and
phosphorylation of ERK was only detected at the highest
concentration of Zn?* ions under all the conditions tested,
while an effect of ZnO Nps on ERK phosphorylation was
detected even at 50 pug/mL.

The release of Zn?* ions clearly plays an important role
in the apoptosis and the cell pathways activated by ZnO
Nps. Indeed, a similar pattern of MAPK was activated by
ZnO Nps and Zn?* ions, although Np-specific effects may
influence other pathways of activation or cell toxicity, as
proposed previously.?*2*

Moreover, the toxicity found in vitro is higher than the
toxicity found in vivo due to the capacity of the tissues and
organs to bind the free ions by forming Zn—S bonds.** It should
be noted, however, that these altered sulfur-containing mol-
ecules could be a different source of toxicity.

Degradation of the [kBot inhibitor was studied as a marker
of NFkB activation. All of the moNps activated NFkB,
a pathway that is mainly related with inflammation and
the immune response. Moreover, preincubation with PHA,
an activator of this pathway,’! induced greater degradation of
the protein when the cells were exposed to any of the moNps,
except for the Al O, Nps, which induced an increase in the
expression in unstimulated cells.

The strongest degradation was induced by the combina-
tion of PHA and ZnO at both concentrations studied, and
for all the moNps, the effect was dose-dependent. Once
again, the Zn*" ions could activate this pathway even at

the lowest concentration tested (1 (g/mL) in prestimulated
Jurkat cells.

Lymphocytes were more susceptible than lung cells?
to the activation of these pathways, which clearly indi-
cates that the type of cell is crucial regarding its behav-
ior in response to Nps, a finding that is consistent with
previous studies concerning differences in cell toxicity
induced by NMs.?

In an effort to characterize other cellular events that might
also be induced by the Nps, gPCR studies were carried out on
Jurkat cells. The only change common to all of the moNps was
the upregulation of CDKN1A4, a kinase inhibitor involved in
the cell cycle. Cell cycle regulation induced by ZnO Nps has
already been described in Jurkat cells through transcriptomic
and bioinformatics approaches.!* By contrast, in the same
work, it was reported that TiO, Nps do not produce such
effects, possibly due to the tenfold lower Np concentration
used when compared to that employed here and to the differ-
ent Nps used. Interestingly, the activation of kinases and the
upregulation of some cytokines by ZnO Nps in Jurkat cells are
in agreement with our MAPK and gPCR measurements.'?

It is known that there are DNA binding sites for the induc-
ible TFs, AP-1, NF-IL-6, and NFkB, in the /L-8 promoter
sequence.” Hence, the upregulation of /L-8 by AL O, and
ZnO Nps could be due to activation of the NFxB pathway.
Interestingly, the release of interleukin (IL)-8 induced by
ZnO and Al,O, Nps has been detected previously in human
peripheral blood leukocytes.?” Moreover, it has been shown
that ZnO Nps induce the release of other inflammatory
cytokines such as IL-6, IL-1B, and tumor necrosis factor-
0,,2° and this could also be related to the activation of NFxB
and SAPK/INK.

The increase in FASN gene expression detected by
qPCR, as well as the effects of ALLO, Nps on the p-ERK
protein, could be related to a potential carcinogenic effect,
as described for estrogens in cancer cells.** Estrogens also
upregulate the FASN gene by ERK activation and a similar
effect has been observed in activated Jurkat cells.*** Acti-
vated T cells undergo some metabolic changes common
to tumor cells and this may represent a general metabolic
reprogramming during cell growth and proliferation.?*-
Moreover, upregulation of the /L-2 and BCL2A1 genes is
also associated with lymphocyte activation.’”3

Al O, and TiO, Nps promote the expression of apoptotic
inhibitors like the NAIP or BCL2A1 genes. The upregu-
lation of these genes by the AL,O, Nps could be related
to lymphocyte activation and proliferation, while that
by the TiO, Nps could be related to the activation of
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anti-inflammatory cytokines. Interestingly, in a previous
study in which human peripheral blood lymphocytes were
used, both Nps were shown to increase the proliferation of
the cells induced by PHA.*

Alternatively, the change in FASN and RBP1 gene expres-
sion induced by the ZnO Nps (related to lipid metabolism and
cholesterol homeostasis) could be related to the induction of
apoptosis due to genomic instability and genotoxic stress, as
observed in the model for premature aging in mice.** More-
over, the CYP1941 gene involved in xenobiotic metabolism
is upregulated in the presence of ZnO Nps. Indeed, ZnO Nps
and Zn?" ions have a negative effect on macrophage metabo-
lism'? and they have also been shown to increase the amounts
of some enzymes involved in glycolysis and in the pentose
phosphate pathway, for example, 6-phosphogluconate dehy-
drogenase or aldose reductase.

Another consistent finding is the potential DNA damage
induced by cellular stress, which is evident here through the
induction of CDKNIA, GADD45A, and M2MD.

All four moNps tested influence the cell cycle through
increased CDKNIA gene expression. The interference with
the cell cycle and with the genes involved in metabolism,
both interconnected events,* seems to represent a common
cell response to Np exposure, irrespective of their size and
composition. This could be related to the internalization
process described for some nanostructures* or with the DNA
repair process.*

In summary, we describe several molecular mechanisms
induced by selected moNps in a human lymphocyte cell
line. Although some Nps could show a safe profile in the
standard toxicity tests, for example, TiO, or Al,O, Nps, we
have shown here that they can activate the immune system
and induce lymphocyte proliferation by the release of some
anti-inflammatory cytokines and the expression of antiapop-
totic genes. In contrast, CeO, Nps showed a safe profile with
only minor activation of some signaling proteins, no relevant
changes in gene expression, and a safe cytokine profile, while
ZnO Nps induced xenobiotic stress, release of inflammatory
cytokines, and apoptosis. Nevertheless, these observations
were made in the experiments carried out in vitro and they
should be confirmed in vivo, because the observed pattern
of lymphocyte activation could be modified or abolished by
other biological mechanisms. For instance, cytotoxicity of
the ZnO Nps due to release of Zn** ion could be modified
in vivo by the binding of free ions to several proteins, such
as albumin. Moreover, the lymphocyte proliferative effect
induced by the Al,O, and TiO, Nps should be carefully

characterized to analyze their potential use, for instance, as
adjuvants in vaccines.
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Su pplementary materials (Figure S3) or with three different concentrations of Zn**
Nanoparticles were analyzed by transmission electron ions (Figure S4) are shown.
microscopy and DLS in different media (Figure S1).
The Western blot images quantified in Figure 1 (Figure S2),
cells incubated with a tenfold lower Np concentration

Pdi

Pdi

ALO, ZnO

Figure S| TEM images of uncoated CeO,, TiO,, Al,O,, and ZnO Nps in water (A-D). DLS measurements of the four Nps in water (E) and in PBS pH 7.4 or with albumin
at 400 pg/mL prepared in PBS (F).

Notes: The diameter of the Np aggregates, determined by intensity distribution, and the Pdl are represented. Standard deviation is shown in error bars (n=4). Reprinted
from Colloids Surf B Biointerfaces, 113, Simén-Vazquez R, Lozano-Fernandez T, Peleteiro-Olmedo M, Gonzalez-Fernandez A, Conformational changes in human plasma proteins
induced by metal oxide nanoparticles, 198-206, Copyright 2016, with permission from Elsevier.'

Abbreviations: DLS, dynamic light scattering; Nps, nanoparticles; PBS, phosphate-buffered saline; Pdl, polydispersity index; TEM, transmission electron microscopy.
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Figure S2 Western blot showing the expression of p-ERK (1,2), p-p38, p-SAPK/JNK, and IxBa: in Jurkat cells, either untreated (control cells, C) or treated with 100 ug/mL
CeO,, TiO,, Al,O,, and 50 pig/mL ZnO Nps.

Note: Cells were prestimulated (+PHA) or not (-PHA) with PHA.

Abbreviations: ERK, extracellular signal-regulated kinase; h, hour; IkBa, nuclear factor kappa-light-chain-enhancer of the activated B-cell inhibitor; JNK, c-Jun amino-

terminal kinase; Nps, nanoparticles; PHA, phytohemagglutinin; SAPK, stress-activated protein kinase.
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Figure S3 Activation of ERK (1,2), p38, SAPK/JNK, and degradation of IxBa, the NFkB inhibitor, in Jurkat cells in the presence of CeO,, TiO,, Al,O,, and ZnO
nanoparticles.

Notes: Jurkat cells, prestimulated (+PHA) or not (-PHA) with PHA, were incubated with CeO,, TiO,, or Al,O, Nps (all at 10 pg/mL) and ZnO Nps (at 5 pg/mL) at two
different times (I and 3 hours). GAPDH was used as a loading control (indicated by arrows).

Abbreviations: ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; h, hour; lkBa, NF«B inhibitor; JNK, c-Jun amino-terminal

kinase; NFkB, nuclear factor kappa-light-chain-enhancer of the activated B-cell; Nps, nanoparticles; PHA, phytohemagluttinin; SAPK, stress-activated protein kinase.
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Figure S4 Activation of ERK (1,2), p38, SAPK/JNK, and IkBa: induced by the Zn** ions in Jurkat cells.

Note: The Zn* ions were tested at three different concentrations (I, 10, and 100 pug/mL), and in the presence of absence of PHA.

Abbreviations: ERK, extracellular signal-regulated kinase; h, hour; IkBo, nuclear factor kappa-light-chain-enhancer of the activated B-cell inhibitor; JNK, c-Jun amino-
terminal kinase; Nps, nanoparticles; PHA, phytohemagluttinin; SAPK, stress-activated protein kinase.
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