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Fig. 4. Difference in the mode of binding of TNF to TNFR1 and TNFR2. De-
tails of the ligand-receptor binding interfaces of TNF-TNFR are shown.
(A and D) 2F,ps — Feaie map of the TNF-TNFR2 complex contoured at 1.0 o.
(B and E) The TNF-TNFR2 complex. The predicted interaction between
R31 of TNF and the acidic surface of TNFR2 (consisting of D54, E57,
and E70) is shown as a green arrow. (C and F) The TNF-TNFR1 model
complex. To construct the TNF-TNFR1 model complex, we superimposed
the LT-a portion of the LT-a-TNFR1 complex (PDB ID 1tnr) (23) onto the
TNF portion of the TNF-TNFR2 structure. TNF is in green; TNFR1 is in red;
TNFR2 is in blue; the 2F,s — Feac Map is represented by the pink mesh.
Close contacts that are suggestive of potential hydrogen bonds are rep-
resented by yellow dashed lines.

We also analyzed the same samples by Western blotting with an an-
tibody against TNF (Fig. 6B). We observed high-molecular mass, TNF-
specific bands of >150 kD in samples containing HA-wtTNFR2 and
TNF (Fig. 6B, lane 14), but saw only monomeric TNF (17-kD band) un-
der reducing conditions (Fig. 6B, lane 16). This result suggests that TNF
molecules were contained in the aggregates of TNFR2 that we observed
carlier (Fig. 6A, lane 2). In similar experiments with cells containing HA-
TNFR2APLAD, we did not observe TNF-specific bands in any group
(Fig. 6B, lanes 17 to 20), indicating that TNF bound rarely to TNFR2APLAD,
as was predicted from our earlier results (Fig. 6A). These findings suggest
that TNF bound to the PLAD-dependent self-complex of TNFR2 and that
the PLAD was a key domain in forming a TNF-TNFR2 aggregate on the
cell surface. We could not observe TNF within the self-complex of HA-
TNFR2ACD (Fig. 6, A and B), indicating that the intracellular domain of
TNFR2 also played an important role in forming the TNF-TNFR2 ag-
gregate on the cell surface.

DISCUSSION

Here, we described the first crystal structure of the TNF-TNFR2 complex
at a resolution of 3.0 A, TNF formed a central homotrimer around which
were bound three TNFR2 molecules. This overall arrangement was similar
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Region 2

TNFR1-TNF model

Fig. 5. TNF-TNFR complexes contain a molecular pocket. Difference in the
basic structures of TNFR1 and TNFR2. (A and C) The TNF-TNFR2 com-
plex. (B and D) The TNF-TNFR1 model complex, which was constructed
as described in Fig. 4. TNF is in green; TNFR1 is in red; TNFR2 is in blue.
The B strands of CRD2 and CRDS3 are indicated by white text. The side
chain of Glu'® is missing in the structure of TNFR1 (PDB ID 1tnr). We ob-
served that a distinct molecular pocket was formed in (B) and (C), which is
highlighted by an orange dashed circle.
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Fig. 6. Formation of TNF-TNFR2 aggregates on the cell surface. (A and
B) TNF-TNFR2 complexes in the plasma membrane of transfected HEK
293T cells were detected by Western blotting analysis with antibodies
against (A) the HA epitope and (B) TNF. This result was confirmed by
three independent experiments for each group. Predicted molecular
masses of related molecules are as follows: HA-wtTNFR2 monomer,
65 kD; HA-wtTNFR2 dimer, 130 kD; HA-wtTNFR2 trimer, 195 kD; TNF mono-
mer, 17 kD: TNF trimer, 51 kD; HA-TNFR2APLAD monomer, 60 kD; HA-
TNFR2ACD monomer, 25 kD.
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Fig. 7. Structural feasibility of a two-dimensional network model for the
initiation of signals through TNFR2. (A and B) Top views of (A) the dimer
model and (B) the trimer model of a two-dimensional network of TNFR2.
TNFR2 molecules can interact with each other through PLAD-PLAD in-
teractions (deep blue) at the cell surface. TNF trimers can bind around
the self-complex of TNFR2. The binding of TNF to TNFR2 may link it to

to those of other members of the TNF superfamily, including LT-o~TNFR1
(23), TRAIL-DRS (26-28), and OX40L-0OX40 (29) (Fig. 3). However, our
determination of the crystal structure of TNFR2 revealed subtle differences
with that of TNFR1. The basic structure of TNFR2 differed from that of
TNFR1 mainly as a result of variation in the configuration of the folding
module. These structural differences altered the mode of ligand recogni-
tion of each receptor (Figs. 4 and 5). The results contribute to our under-
standing of how TNF is able to discriminate between the common binding
areas of these two different receptors. In addition, we have already created
many mutant TNFs that exhibit different receptor selectivities (39, 46, 50, 51).
The structures of these mutants and TNF-TNFR complexes are poten-
tially useful to analyze “consensus” information that is essential for the
TNF-TNFR interaction (52). Such information will be useful in the future
for enhancing accuracy in the rational design of new drugs, such as TNFR-
selective inhibitors.

We also revealed the formation of an aggregate of TNFR2 on the cell
surface (Fig. 6). These aggregates contained both TNF and TNFR2, which
indicated that an aggregate of TNF-TNFR2 complexes (>1000 kD) was
present on the cell surface. This result was observed in cells transfected to
express TNFR2 at the surface and needs to be confirmed by another ex-
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other TNFR2 self-complexes through alternative binding sites, which
could result in the formation of a two-dimensional TNF-TNFR2 network.
TNF-TNFR2 networks in the dimer and trimer models would maintain six-
and threefold symmetry, respectively. These arrangements of TNF-
TNFR2 complexes appear to be structurally realistic in both models.
The extracellular domain of TNFR2 is in blue and TNF is in green.

perimental method in primary cells in the future. However, the importance
of such TNF-TNFR2 aggregates in the initiation of TNFR signaling can
also be predicted from a previous report on TNF heterotrimers that con-
tained inactive, mutant TNF molecules that acted as dominant-negative
TNF because of their lack of trivalent binding potency (53).

The HA-TNFR2ACD mutant formed a self-complex, but not an aggre-
gate of TNF and TNFR2. Because the structure of the intracellular domain
of TNFR2 is still unknown, we are unable to discuss the implications of
these findings in detail. Nonetheless, we can speculate that the arrangement
of the intracellular domain of TNFR2 might be important for the formation
of aggregates of TNF and TNFR2 on the cell surface. Our deletion ex-
periment with HA-TNFR2APLAD indicated that the TNFR2 self-complex
forms through PLAD-PLAD interactions, resulting in generation of the TNF-
TNFR2 aggregate; however, despite the possibility of the formation of the
TNF-TNFR2 complex through PLAD-mediated interactions, we observed
that the PLADs of each TNFR2 were dissociated in the crystal structure
(Fig. 3). To resolve this apparent contradiction in TNF-mediated signal ini-
tiation, we used a structure-based hypothesis based on information concern-
ing our observation of TNF-TNFR2 aggregates of >1000 kD and the crystal
structure of TNFR2.
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Regarding our prediction of the configuration of the TNFR on the cell
surface, previous studies showed that two types of ligand-free TNFR1 pro-
teins form dimers in crystal structures, which are termed parallel dimers at
pH 7.5 (54) and antiparallel dimers at pH 3.7 (55). The TNFR1 parallel
dimer forms through PLAD-PLAD interactions in the crystal, and it has
been speculated that such a dimer may also be formed on the cell surface
(54); however, our data (Fig. 6) and another report (33) suggest that TNFR1
and TNFR2 form a self-complex as homodimers or homotrimers on the cell
surface. Given that the stoichiometry of the TNFR2 self-complex is unclear,
these findings imply two possible models for the complex (dimer and trimer
models) (Fig. 7). In these models, two or three TNF trimers bind around a
central dimer or trimer of TNFR2 molecules, respectively. Other self-
complexes of TNFR2 are subsequently recruited to bind around the TNFs,
generating an aggregate of TNF-TNFR2 in a two-dimensional network on
the cell surface. TNF-TNFR2 networks in the dimer and trimer models
would maintain six- and threefold symmetries, respectively. The crystal
structure of the TNF-TNFR2 complex suggests that these arrangements
of complexes appear to be structurally realistic in both models. This struc-
tural feasibility will strengthen a predicted two-dimensional network
model described previously (54, 56). Finally, expansion of the network
may influence the arrangement of the intracellular domains of TNFR2,
thereby possibly inducing the recruitment of intracellular molecules, such
as TNFR-associated factor 2 (TRAF2) in TNFR2 signaling.

With respect to TRAF2, we can speculate about its intracellular behavior
after the formation of the TNF-TNFR2 aggregate. TRAF2 is essential
for TNFR2-mediated signaling. Indeed, the structure of a complex of the
C-terminal domain of TRAF2 and a peptide from the intracellular domain
of TNFR2 has been reported (57). The C-terminal domain of TRAF2
forms a trimer that binds to the intracellular domains of three TNFR2 mol-
ecules (57); however, there is no structural difference between the peptide-
bound form and the unbound form. Therefore, it was unclear how TRAF2
transduces a signal to downstream molecules. The crystal structure of the
N-terminal domain of TRAF6, which is homologous to TRAF2, has been
solved (58). The structure shows that the N-terminal domains of TRAF6 are
complexed to each other, suggesting that this interaction forms part of its
signaling mechanism. Together, these findings suggest that the TNF-
TNFR2 network might organize the intracellular domains of TNFR2 and
induce the recruitment of TRAF2, which would result in a TRAF2-TRAF2
intermolecular interaction that is needed for signal transduction. Although
this structure-based hypothesis needs to be confirmed by other experi-
ments (for example, role of the intracellular domain and the use of a non—
cross-linking methodology such as the direct observation of cell surface
complexes with an electron microscope), we suggest that it might provide
a new direction for solving the enigma concerning the mechanism of sig-
nal initiation of TNFR superfamily members.

The TNF-TNFR2 structures revealed in this report show the diversity
in the molecular basis of TNF-TNFR recognition and provide a better
understanding of the mechanism of signal initiation by members of the
TNFR superfamily. We hope to develop the next generation of therapeu-
tics with an approach based on our structural data, such as new drugs that
can selectively inhibit the interaction between one type of TNF-TNFR
complex or the formation of one specific type of TNF-TNFR aggregate.

MATERIALS AND METHODS

Data collection and refinement

The complex of amino acid residues 1 to 157 of human TNF (which cor-
responds to residues 77 to 233 in UniProt P01375) and residues 11 to 183
in human soluble TNFR2 (which corresponds to residues 33 to 205 in
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UniProt P20333) were prepared as previously described (38). The hu-
man TNF used in this experiment was mutTNF Lys (—), a lysine-deficient,
hexamutant TNF (K11M, K65S, K90P, KO8R, K112N, and K128P) with
full bioactivity (40). This TNF molecule was expressed as inclusion bodies
in Escherichia coli and refolded as described previously (38, 40). Recom-
binant human soluble TNFR2 was purchased from PeproTech Inc. (catalog
no. 310-12). This TNFR2 molecule was also expressed in E. coli. Crystal-
lization and x-ray diffraction experiments were performed as previously de-
scribed (38). Diffraction data were collected at SPring-8 in Harima and
Photon Factory in Tsukuba, Japan. The data were indexed, integrated,
and scaled with HKL2000 software (59). The data set used for structural
analysis was collected in BL41XU of SPring-8. Molecular replacement
was performed by the MOLREP program (60) in CCP4i (61) with the
structure of the TNF mutant described in our previous report (39) (PDB
code 2¢7a) as a search model. The model from molecular replacement was
refined with crystallography and nuclear magnetic resonance (NMR) sys-
tem (CNS) software (62). The Ca chains of TNFR2 molecules were man-
ually traced on the basis of the structure of TNFR1 (PDB code ltnr) with
the Coot program (63) in CCP4i. The final structure was refined by the
PHENIX program (64), and validation of the final model was performed
with the RAMPAGE program (65) in CCP4i. Data collection statistics (at a
resolution of 2.95 A) were described previously (38), and the final structure
was refined at a resolution of 3.0 A. Refinement statistics are given in Ta-
ble 1. The diffraction data set has a poor Ryeree value of 0.18, as reported in
a previous paper (38). This might arise from high and anisotropic mosaicity
of the crystals. The gap (6.7%) between the values of R and Rj;.. is slightly
larger than the 5% that is accepted as no overfitting, which might result
from flexible loops with poor electron densities. However, because almost
all of the electron densities were interpretable (as shown in Fig. 4, A and
D), the overall structure is of sufficient quality to characterize the TNFR2
structure and reveal the recognition mechanism between TNF and TNFR2.
All molecular graphics were rendered by PyMOL program (66).

Plasmid construction

Plasmids encoding TNFR2 were constructed with the help of a previous
report (33). Briefly, the leader sequence and the first 10 amino acid res-
idues of full-length, wild-type TNFR2 (WtTNFR2: residues 1 to 32 in
UniProt P20333) were connected to the HA epitope tag (YPYDVPDYA)
at its C terminus to generate an HA tag fused to the N terminus of TNFR2.
Complementary DNAs (cDNAs) of HA-wtTNFR2 (encoding residues 1 to
32-HA-residues 33 to 461 in UniProt P20333), HA-TNFR2APLAD (en-
coding residues 1 to 32-HA-residues 77 to 461 in UniProt P20333), and
HA-TNFR2ACD (encoding residues 1 to 32-HA-residues 33 to 287 in
UniProt P20333) were amplified and directly cloned into pcDN3.1D/V5-
His-TOPO vectors (Invitrogen Corp.). Primers 1 (5'-CACCATGGCGCC-
CGTCGCCGTCTGGGCCGCGCTGGCCGTCGGACTGGAGCTC-
TGGGCTGCGGCGCACGCCTTGCCCGCCCAGGTGGCATTTACACC-
CTACTACCCCTATGATGTGCCAGACTACGCCGCCCCGGAGCCCG-
GGAGCACATGC-3') and 3 (5'-TTAACTGGGCTTCATCCCAGCATC-3")
were used to amplify HA-wtTNFR2, whereas primers 2 (5'-CACCATGGCG-
CCCGTCGCCGTCTGGGCCGCGCTGGCCGTCGGACTGGAGCTCTGG-
GCTGCGGCGCACGCCTTGCCCGCCCAGGTGGCATTTACACCC-
TACGCCCTACCCCTATGAGGTGCCAGACTATCCTGTGAGGACAG-
CACATACACC-3') and 3 were used to amplify HA-TNFR2APLAD cDNA.
Primers 1 and 4 (5'-TCACACCTGGGTCATGATGACACAGTT-3') were
used for the amplification of HA-TNFR2ACD.

Expression and cross-linking of TNFR2 at the cell surface

HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Wako Pure Chemical Industries Ltd.), containing 10% fetal
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bovine serum at 37°C under 5% CO,. Cells were transfected with plas-
mids encoding HA-wtTNFR2, HA-TNFR2APLAD, or HA-TNFR2ACD
with Lipofectamine LTX and Plus reagent (Invitrogen). After incubation
for 6 hours at 37°C under 5% CO,, TNFR2 proteins were expressed on
the surface of the HEK 293T cells. For cells treated with TNE, recombi-
nant human TNF (R&D Systems Inc.) was added to the cells at a final
concentration of 5 pg/ml, and the cells were then incubated at 4°C for
1 hour. Cells were scraped from the culture dish and incubated in 1 mM
DTSSP (Thermo Fisher Scientific Inc.) for 30 min at room temperature to
cross-link cell surface TNFR2 complexes. The cross-linking reaction was
terminated by the addition of 20 mM tris-HCI (pH 7.4). Membrane proteins,
which contained cell surface TNFR2 complexes, were purified with the
Plasma Membrane Protein Extraction Kit (BioVision).

Western blotting analysis

Purified membrane proteins were mixed with an equal volume of Laemmli
sample buffer (Bio-Rad Laboratories Inc.) with or without 50 mM
DTT (Thermo Fisher Scientific). The samples were subjected to SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) with a 3 to 10% gradient
polyacrylamide gel (ATTO Corp.). Proteins were then transferred onto a
polyvinylidene difluoride (PVDF) membrane (GE Healthcare Bio-Sciences
Corp.). We used antibody against the HA epitope (Abcam Inc.) and horse-
radish peroxidase (HRP)-conjugated antibody against mouse immuno-
globulin G (IgG) (GE Healthcare Bio-Sciences) to detect HA-wtTNFR2,
HA-TNFR2APLAD, and HA-TNFR2ACD proteins. To detect TNF, we
used antibody against human TNF (Genzyme Corp.) and HRP-conjugated
antibody against mouse 1gG. Specific bands were visualized with the ECL
Plus reagent (GE Healthcare Bio-Sciences). To estimate the molecular mass
of large complexes, we used high-molecular weight markers (NativeMark
and HiMark HMW standard: Invitrogen).
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Abstract

With the increase in use of nanomaterials, there is growing concern regarding their potential health risks. However,
few studies have assessed the role of the different physical characteristics of nanomaterials in allergic responses.
Here, we examined whether intranasally administered silica particles of various sizes have the capacity to promote
allergic immune responses in mice. We used nanosilica particles with diameters of 30 or 70 nm (nSP30 or nSP70,
respectively), and conventional micro-sized silica particles with diameters of 300 or 1000 nm (nSP300 or mSP1000,
respectively). Mice were intranasally exposed to ovalbumin (OVA) plus each silica particle, and the levels of OVA-
specific antibodies (Abs) in the plasma were determined. Intranasal exposure to OVA plus smaller nanosilica
particles tended to induce a higher level of OVA-specific immunoglobulin (Ig) E, IgG and IgG1 Abs than did
exposure to OVA plus larger silica particles. Splenocytes from mice exposed to OVA plus nSP30 secreted higher
levels of Th2-type cytokines than mice exposed to OVA alone. Taken together, these results indicate that nanosilica
particles can induce allergen-specific Th2-type allergic immune responses in vivo. This study provides the
foundations for the establishment of safe and effective forms of nanosilica particles.

Introduction
With the recent development of nanotechnology, many
nanomaterials with innovative functions have been
developed. For example, nanoparticles of titanium diox-
ide and silica have been used in commercial applications
related to medicine, cosmetics and food [1]. In particu-
lar, amorphous (noncrystalline) nanosilica particles pos-
sess extraordinary advantages, including straightforward
synthesis, relatively low cost, and easy surface modifica-
tion [1,2]. Nanosilica particles are increasingly being
used for many applications, including cosmetics, food
technology, medical diagnosis, cancer therapy, and drug
delivery [1-4].

As the use of nanomaterials increases, there is rising
concern regarding their potential health risks because
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there is preliminary evidence that the unique electrical
and mechanical properties of nanomaterials is associated
with undesirable biological interactions [5,6]. In addi-
tion, it has recently become evident that particle charac-
teristics, including particle size and surface properties,
are important factors in pathologic alterations and cellu-
lar responses [7-10]. For instance, Nishimori et al have
previously demonstrated that nanosilica particles with
relatively small particle size induce a greater level of
toxicity, including liver injury, than do silica particles
with larger particle size [11]. To create safe and effective
forms of nanomaterials, studies which provide basic
information regarding biological responses to nanoma-
terials are essential.

Numerous studies have shown that several types of
nanomaterials increase the incidence of allergic immune
diseases [12-14]. Activation of the Th2 response, includ-
ing production of interleukin (IL)-4, IL-5, and IL-13
from Th2 cells (a subset of CD4" T cells) and immuno-
globulin (Ig) G1 or IgE from B cells, is responsible for

© 2011 Yoshida et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited
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many of the pathologic features of allergic immune dis-
eases [15]. Some reports have shown that intranasal or air-
way exposure to nanomaterials promotes allergic immune
responses, indicating the immune-activating potential of
nanomaterials [12,13]. However, the role of the different
physical characteristics of nanomaterials in the production
of allergic responses has not been elucidated.

Here, we examined whether intranasal exposure to
nanosilica particles has the capacity to promote allergic
immune responses in mice. In addition, we investigated
the relationship between the size of silica particles and
allergic immune responses.

Materials and methods

Silica particles

Amorphous silica particles with a diameter of 30, 70,
300 and 1,000 nm (Micromod Partikeltechnologie,
Rostock/Warnemiinde, Germany, designated nSP30,
nSP70, nSP300 and mSP1000, respectively) were used in
this study. The particle numbers of silica particles were
3.5 x 103, 2.8 x 10'%, 3.5 x 10'°, or 9.5 x 10° particles/
mg (nSP30, nSP70, nSP300, or mSP1000, respectively).
Silica particles were sonicated for 5 min and vortexed
for 1 min before use. The size of particles was measured
using a Zetasizer Nano-ZS (Malvern Instruments, UK).
The mean size and the size distribution of particles
were measured by means of dynamic light scattering.
We confirmed that the particle size distributions of
these silica particles were narrow.

Mice

Female BALB/c mice were purchased from Nippon SLC
(Hamamatsu, Japan) and used at 6 to 8 weeks of age.
All of the animal experimental procedures in this study
were performed in accordance with the National Insti-
tute of Biomedical Innovation Guidelines for the Wel-
fare of Animals.

Exposure protocols and detection of antigen-specific
antibody responses by enzyme-linked immunosorbent
assay

Female BALB/c mice were intranasally exposed to a
20 pL aliquot (10 pL per nostril) containing 10 pg of
ovalbumin (OVA; Sigma Chemical Co, St. Louis, MO,
USA) as antigen, plus nSP30, nSP70, nSP300, or
mSP1000 at concentrations of 10, 50 or 250 pg/mouse,
on days 0, 1, and 2. On day 21, plasma was collected to
assess antigen-specific antibody (Ab) responses. Anti-
gen-specific IgG and subclass IgG1 Ab levels were
determined by enzyme-linked immunosorbent assay
(ELISA). The ELISA plates (Maxisorp, type 96F; Nalge
Nunc International, Naperville, IL, USA) were coated
with 10 pg/ml OVA and incubated overnight at 4°C.
Non-specific Ab binding was minimized by incubating
the plates with 4% blocking solution (Block Ace;
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Dainippon Sumitomo Pharmaceuticals, Osaka, Japan) at
37°C for 2 h. Plasma dilutions were added to the anti-
gen-coated plates and incubated at 37°C for a further
2 h. The coated plates were then washed with PBS con-
taining 0.05% Tween 20 and incubated with a horserad-
ish peroxidase-conjugated goat anti-mouse IgG solution
(Southern Biotechnology Associates, Birmingham, AL,
USA) at 37°C for 2 h. The color reaction was developed
with tetramethylbenzidine (MOSS, Inc., Pasadena, MD,
USA), stopped with 2N H,S0O,, and quantitated by mea-
suring ODy50 minus ODgs5 using a microplate reader.
OVA-specific IgE Ab levels in plasma were determined
using commercial ELISA kits (Dainippon Sumitomo
Pharma, Osaka, Japan).

Isolation of splenocytes

Spleens were aseptically removed and placed in RPMI
1640 medium (Wako Pure Chemical Industries, Osaka,
Japan) supplemented with 10% fetal bovine serum,
50 mM 2-mercaptoethanol and 1% antibiotic cocktail
(Nacalai Tesque, Kyoto, Japan). The single-cell suspen-
sion of splenocytes was treated with ammonium chlor-
ide to lyse the red blood cells, and the splenocytes were
washed, counted, and suspended in RPMI medium
supplemented with 10% fetal bovine serum, 50 mM 2-
mercaptoethanol, 1% antibiotic cocktail, 10 mL/L of
100 x nonessential amino acids solution, 1 mM sodium
pyruvate, and 10 mM HEPES to a final concentration of
1 x 107 cells/mL.

Antigen-specific cytokine responses

Antigen-specific cytokine responses were evaluated by
culturing the splenocytes (5 x 10° cells/well) in the pre-
sence of OVA (1 mg/mL) in vitro. Cells were incubated
at 37°C for 72 h. Culture supernatants from in vitro
unstimulated and OVA-stimulated cells were analyzed
by the Bio-Plex Multiplex Cytokine Assay (Bio-Rad
Laboratories, Hercules, CA, USA) according to the man-
ufacturer’s instructions. The assay results were read on
a Luminex 100 Multiplex Bio-Assay Analyzer (Luminex,
Austin, TX, USA). The difference between the mean
concentration of cytokines in supernatants from in vitro
OVA-stimulated cells and unstimulated cells (back-
ground) was then calculated.

Statistical Analysis

All values are expressed as mean + SEM. Differences
between groups were assessed using analysis of variance
followed by Turkey’s method.

Results and discussion

Antigen-specific IgE Ab responses to silica particles

To assess the relationship between the size of silica par-
ticles and allergic immune responses, we used nanosilica
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particles with diameters of 30 or 70 nm (nSP30 or
nSP70, respectively), and conventional micro-sized silica
particles with diameters of 300 or 1,000 nm (nSP300 or
mSP1000, respectively). The mean secondary particle
diameters of the silica particles measured by dynamic
laser scatter analysis were 33, 79, 326, and 945 nm,
respectively (data not shown). We examined the silica
particles by transmission electron microscopy, and con-
firmed that they were well-dispersed smooth-surfaced
spheres (data not shown). To investigate the potential of
silica particles to enhance allergic immune responses,
we examined their effect on the production of allergen-
specific Abs responses in vivo. On days 0, 1, and 2, mice
were intranasally exposed to OVA (10 pg/mouse) plus
silica particles at concentrations of 10, 50, and 250 pg/
mouse. On day 21, we collected plasma from the mice
and performed an ELISA to examine anti-OVA IgE Ab
responses. The levels of IgE Abs tended to be higher in
mice exposed to OVA plus smaller nanosilica particles
than in mice exposed to OVA plus larger silica particles
(Figure la). In particular, the OVA-specific IgE Ab level
in OVA plus nSP30-exposed mice was significantly
higher than in mice exposed to OVA alone (Figure 1la).
We consider that this level of IgE Ab would induce the
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mast cell degranulation and histamine release, which are
major mechanisms underlying anaphylactic reactions in
allergic diseases [16]. In addition, the OVA-specific IgE
Ab response in mice exposed to OVA plus nSP30
increased in an nSP30-dose-dependent manner (Figure
1b). Taken together, these results suggest that nanosilica
particles such as nSP30 are capable of inducing allergic
immune responses and have the potential to cause ser-
ious allergic symptoms.

Antigen-specific IgG Abs subclass responses of silica
particles

Next, to assess the types of immune responses elicited
by silica particles, we measured the levels of anti-OVA
IgG Ab and anti-OVA IgG1 Ab. IgG1 production is
indicative of a Th2-type response. The levels of anti-
OVA IgG and anti-OVA IgG1 Abs induced by intrana-
sal-exposure to OVA plus smaller silica particles were
higher than those induced by OVA plus larger silica
particles (Figure 2); this was similar to the results
observed for IgE Ab responses, described above (Figure
1). The levels of OVA-specific IgG Ab and OVA-specific
IgG1 Ab in mice exposed to OVA plus nSP30 were sig-
nificantly higher than in those exposed to OVA alone
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Figure 1 Plasma OVA-specific IgE Ab responses after intranasal exposure to OVA plus silica particles. (a) BALB/c mice were intranasally
exposed to PBS (vehicle control), OVA alone or OVA plus silica particles (250 pg/mouse) on days 0, 1, and 2. (b) BALB/c mice were intranasally
exposed to PBS (vehicle control), OVA alone or OVA plus the designated dose of nSP30 or nSP70 on days 0, 1, and 2. Plasma was collected on
day 21 and analyzed by ELISA to assess (a) the relationship between silica particle size and OVA-specific IgE Ab responses and (b) the dose-
response effect of NSP30 and nSP70 on OVA-specific IgE Ab levels. N.D, not detected. Data are presented as mean + SEM (n = 8 to 13; *P < 0.05
vs OVA alone)




Yoshida et al. Nanoscale Research Letters 2011, 6:195
http://www.nanoscalereslett.com/content/6/1/195

Page 4 of 6

A)
0.8
T
KK
0.6
&
5 0.4
0.2
0
PBS  OVA  aP¥ (P70 ap300 api000
+ OVA
8): *P < 0.05, **P < 001 vs OVA alone; TTP < 001 vs PBS).
—

Figure 2 Plasma OVA-specific IgG and subclass IgG1 Ab response after intranasal exposure to OVA plus silica particles. BALB/c mice
were intranasally exposed to PBS (vehicle control), OVA alone or OVA plus silica particles (250 pg/mouse) on days 0, 1, and 2. Plasma was
collected on day 21 and analyzed by ELISA to detect the level of {a) OVA-specific IgG and (b) OVA-specific IgG1 Ab responses. Data represent
mean absorbance at a wavelength of 450 nm (reference wavelength, 655 nm). N.D., not detected. Data are presented as mean + SEM (n = 5 to
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(Figure 2). These results suggest that nanosilica particles
can induce the production of antigen-specific Ab
responses including antigen-specific Th2 allergic
immune responses.

Antigen-specific cytokine responses of silica particles

To clarify the mechanism by which nSP30 elicited an
immune response, we analyzed the profiles of cytokines
released from splenocytes of OVA-exposed mice. The
splenocytes were cultured in the presence of OVA
in vitro, and the culture supernatants were assessed for
Th2-type cytokines by using a multiplexed immuno-
beads assay. Splenocytes from mice exposed to OVA
plus nSP30 exhibited higher levels of Th2-type cytokines
(IL-4 and IL-5) than those induced with OVA alone
(Figure 3). In contrast, there was hardly any difference
in Thl-type cytokine (IFN-y) production amongst all of
the exposed mice (data not shown). In addition, nSP70,
nSP300, and mSP1000 did not induce cytokine produc-
tion (Figure 3). These results suggest that nSP30 nanosi-
lica particle induces a Th2-type immune response in
this experiment.

It is not clear why nanosilica particles such as nSP30
would induce Th2-polarized allergic immunity. Our
results support previous reports showing that the
immune-activating effect of nanomaterials increases
with decreasing particle size [12,17]. The mechanisms
behind the immune-activating effect of nanomaterials

have not been fully elucidated. Nygaard et al [17]
showed that the higher specific surface area of nanoma-
terials as compared to micro-sized particles allows more
antigen to be adsorbed per particle. We consider that
one possible mechanism by which allergic immune
responses induced by nanosilica particles is that many
antigen-captured nanomaterials might be taken up by
professional antigen presenting cells, such as dendritic
cells. Another possible mechanism is that the nanoma-
terials induce oxidative stress [18,19]. We have observed
that nanosilica particles such as nSP30 are stronger
inducers of oxidative stress than larger silica particles
(unpublished data). Because there is accumulating evi-
dence that oxidative stress plays a role in pro-inflamma-
tory and immune-activating effects [20,21], dendritic
cells might be activated more efficiently by nSP30 than
by larger silica particles. Furthermore, we also observed
that induction of oxidative stress by nanosilica particles
is decreased by surface modification of nanosilica parti-
cles (unpublished data). Therefore, surface modification
might be one approach to decrease allergic immune
responses induced by nanosilica particles.

Conclusion

Here, we show that nanosilica particles have the poten-
tial to induce allergic immune responses after intranasal
exposure. We consider that further studies of the rela-
tionship between the characteristics of nanomaterials
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Figure 3 Cytokine responses induced after intranasal exposure to OVA plus silica particles. BALB/c mice were intranasally exposed to PBS
(vehicle control), OVA alone or OVA plus silica particles (250 pg/mouse) on days 0, 1, and 2. On day 21, splenocytes from each group were
prepared and cultured with 1 mg/mlL OVA. Culture supernatants were harvested after 3 days of incubation, and the level of OVA-induced IL-4
(A) and IL-5 (B) produced and released into the culture supernatant was analyzed using the Bio-Plex Multiplex Cytokine Assay. Data are
presented as mean * SEM (1 = 3; *P < 0.05 vs OVA alone; TP < 0,05 vs PBS).

and allergic immune responses will facilitate the devel-
opment of safe and effective nanomaterials.
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