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Adjuvants based on aluminum salts (Alum) are commonly used in vaccines to boost the immune response against infectious agents. However, the detailed
mechanism of how Alum enhances adaptive immunity and exerts its adjuvant immune effect remains unclear. Other than being comprised of micrometer-
sized aggregates that include nanoscale particulates, Alum lacks specific physicochemical properties to explain activation of the innate immune system,
including the mechanism by which aluminum-based adjuvants engage the NLRP3 inflammasome and IL-1/3 production. This is putatively one of the major
mechanisms required for an adjuvant effect. Because we know that long aspect ratio nanomaterials trigger the NLRP3 inflammasome, we synthesized a
library of aluminum oxyhydroxide (AIOOH) nanorods to determine whether control of the material shape and crystalline properties could be used to
quantitatively assess NLRP3 inflammasome activation and linkage of the cellular response to the material's adjuvant activities in vivo. Using comparison to
commercial Alum, we demonstrate that the crystallinity and surface hydroxyl group display of AIOOH nanoparticles quantitatively impact the activation of
the NLRP3 inflammasome in human THP-1 myeloid cells or murine bone marrow-derived dendritic cells (BMDCs). Moreover, these in vitro effects were
correlated with the immunopotentiation capabilities of the AIOOH nanorods in a murine OVA immunization model. These results demonstrate that
shape, crystallinity, and hydroxyl content play an important role in NLRP3 inflammasome activation and are therefore useful for quantitative boosting of
antigen-specific immune responses. These results show that the engineered design of aluminum-based adjuvants in combination with dendritic cell
property—activity analysis can be used to design more potent aluminum-based adjuvants.
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accination remains one of the most

effective tools to prevent infectious

disease."® In addition to ensuring
that the best possible antigenic compo-
nents are included to stimulate a cognitive
immune response, appropriate considera-
tion should also be given to vaccine adju-
vants that can reproducibly boost antigen
presentation. In addition to traditional chem-
ical and biological components such as
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aluminum salts (Alum), liposomes, polymers,
microbial derivatives, and cytokines,** engi-
neered nanomaterials (ENMs) are rapidly
emerging as a new class of adjuvants that
allows tuning of the immune responses to
facilitate antigen delivery, activate or modu-
late antigen presenting cell (APC) activity, re-
cruit dendritic cells and/or lead to direct anti-
gen targeting of regional lymph nodes.®~° The
use of ENM:s for vaccine development include
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polyethyleneimine  (PEI),'®  poly(p,.-lactic-co-glycolic
acid) (PLGA),"""?silica,”>"* multilamellar lipid vesicles,'®
liposomes,'® and hydrogels."”

In this communication, we address the nanoscale
design of aluminum-containing adjuvants. Alum, de-
pending on the commercial source, is composed of
aluminum hydroxide, aluminum phosphate, or a mix-
ture of aluminum and magnesium hydroxides.'®"®
Alum has a long track record as a safe and efficient
adjuvant for clinical use, including being used currently
in DTaP (diphtheria, tetanus, and acellular pertussis), hep-
atitis A, hepatitis B, and papilloma virus vaccines.'®='
While “Alum” is classically thought of as aluminum
hydroxide, X-ray diffraction analysis and infrared spec-
troscopy have identified aluminum hydroxide adju-
vant as crystalline aluminum oxyhydroxide, AIOOH.*?
AIOOH adjuvants are composed of nanolength scale
plate-like primary particles that form aggregates, re-
presenting the functional subunits in the material.
These aggregates are porous and have irregular shapes
that range from 1 to 20 um in diameter.?? Upon mixing
with antigen, the aggregates are broken into smaller
fragments that can reaggregate to distribute the ab-
sorbed antigen throughout the vaccine. While it is
known that Alum tightly binds to antigens and pro-
vides slow release of antigens as a result of this
material's astringent characteristics, the specific struc-
tural details of how the physicochemical properties of
the material lead to immunopotentiation are unclear.?
According to one source, the size dimensions of the
Alum aggregates could determine the abundance of
antigen internalization by the APC.>® Recently, it was
shown that Alum could activate the NLRP3 inflamma-
some and IL-18 production, which could explain its
ability to induce local inflammation, recruitment of
APCs, enhanced antigen uptake, dendritic cell matura-
tion, and stimulation of T-cell activation and T-cell
differentiation.?*'® While the role of the NLRP3 inflam-
masome as the primary event leading to in vivo ad-
juvancy is still controversial,>>~%” it is noted that long
aspect ratio (LAR) ENMs (e.g., nanowires and carbon
nanotubes) trigger activation of the inflammasome
secondary to shape-dependent and oxidative stress
effects at lysosomal level.®2° It is possible, therefore,
that the adjuvant effects of aluminum-based adjuvants
could depend on shape and that tuning of the materi-
al's aspect ratio could be used to increase inflamma-
some activation in dendritic cells in vitro and in vivo.
A rigorously controlled structure-based adjuvant may
also allow us to address the controversy regarding
whether activation of the NLRP3 inflammasome is
essential for inducing immunopotentiating effects
in vivo 24~2730

In this study, we synthesized a comprehensive li-
brary of y-phase aluminum oxyhydroxide (y-AlIOOH,
boehmite) nanomaterials for comparison to commer-
cial Alum. While y-AIOOH is a major component of
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most aluminum salt-based adjuvants, our well-
characterized library of materials allowed us to study
the role of material shape, crystallinity and surface
reactivity as tunable features to trigger NLRP3 inflam-
masome activation in THP-1 cells and murine bone
marrow-derived dendritic cells (BMDCs). Some of these
materials were chosen to study the relationship of
the in vitro dendritic cell (DC) response to boosting
the immune response to ovalbumin (OVA) in vivo. We
also used adoptive DC transfer to demonstrate that
ex vivo boosting of APC activity predicts the ability of
AIOOH nanorods to exert an adjuvant effect in intact
animals. We demonstrate that the crystallinity, hydro-
xyl content and ability of AIOOH nanorods to generate
reactive oxygen species (ROS) and IL-1/3 production are
good structure—activity relationships (SARs) on which
to base the design of an improved aluminum adjuvant.
These results demonstrate that the engineered de-
sign of aluminum-based adjuvants, in combination
with structure—activity analysis, can be used to devel-
op more potent aluminum-based adjuvants.

RESULTS

Synthesis and Physicochemical Characterization of AIOOH
Nanoparticles. A comprehensive library of y-phase alumi-
num oxyhydroxide nanoparticles (y-AIOOH, boehmite)
with variation in shape and crystal structure was estab-
lished using a hydrothermal method. This library of
nanoscale rods, plates, and polyhedra was prepared
through precise control of the pH and the composition
of the synthesis mixtures, which were devoid of surfac-
tants or organic components. The influence of pH on
particle morphology can be attributed to the character-
istic v-AlOOH structure, which is composed of octahe-
dral AlOg double layers. Since the interaction between
the octahedral double layers is weaker than the inter-
actions within each layer, crystal cleavage of the double
layers produces a crystalline surface totally covered
with hydroxyl groups. Because of the free orbital in
the oxygen atom of each hydroxide, the formation of
hydrogen bonds is capable of sustaining lamellar struc-
tures such as nanoplates or nanopolyhedra under
basic conditions.>' However, reaction of the free orbi-
tals with protons under acidic conditions leads to the
formation of aquoligands, which destroy the lamellae,
leading to the formation of rod-like structures3? A
schematic representation explaining the principles of
AIOOH nanoparticle formation is shown in Figure 1A.

TEM analysis (Figure 1B and Figure S1, Supporting
Information) shows that the as-synthesized samples
are composed of a series of nanoparticles with uniform
size and morphology. Particles prepared at pH 5 were
rod-shaped (Rods 1-—5), with an average diameter
of ~20 nm and lengths of 150—200 nm. In contrast,
particle synthesis at pH 10 catalyzed the formation
of nanoplates, with an average width of ~30 nm
and thickness of ~8 nm (Figure 1B and Figure ST,
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Figure 1. Schematic representation of the synthetic chemistry and TEM analyses of AIOOH nanoparticles. (A) Schematic
representation of the synthetic chemistry and mechanisms of AIOOH nanoparticle formation under acidic and basic
conditions. (B) Representative TEM images of AIOOH nanorods obtained after a synthesis period of 2 h (Rod 1), 3 h
(Rod 2), and 24 h (Rod 5). AIOOH nanoplates were synthesized using a reaction time of 24 h, while nanopolyhedra were
generated after a reaction time of 72 h. All synthesis was conducted at 200 °C. The TEM image of commercial Alum, used as
control material, is also shown. The images were taken with a JEOL 1200 EX TEM with an accelerating voltage of 80 kV.

Supporting Information). The nanopolyhedral particles,
synthesized at pH 9, were in the size range of
30—60 nm. XRD analysis demonstrated that the entire
material phase was orthorhombic boehmite, without
displaying diffraction peaks indicative of any impuri-
ties. The crystallinity of the rod-shaped particles could
be finely tuned through the control of synthesis time
and reaction temperature. For instance, 2 h hydrother-
mal treatment of the synthesis mixture (pH 5) at 200 °C
led to the formation of AIOOH nanorods with an ex-
tremely low degree (~6%) of crystallinity (Figure 2A).
However, as the synthesis reaction was allowed to
continue, the crystallinity gradually increased to 21,
45, and 79% at 3, 4, and 6 h, respectively (Figure 2A).
100% crystallinity was obtained after 16 h. In contrast,
similar crystallinity control could not be achieved for
nanoplates and nanopolyhedra because of a more
rapid rate of crystallization under basic conditions
(100% crystallinity after 2 h, Figure S2A, Supporting
Information). Commercial Alum (Thermo Scientific,
Pittsburgh, PA), which was used as a control material
throughout our study, exhibited a plate-like morphol-
ogy (Figure 1B), with a relatively low level of crystal-
linity (Figure S2A, Supporting Information). XRD anal-
ysis also demonstrated multiple phases in Alum, indicative

SUN ET AL.

of the presence of magnesium hydroxide and aluminum
oxide hydrate (Figure S2A, Supporting Information).

To characterize the content of hydroxyl groups at
the particle surface, TGA analysis was performed and
demonstrated significant weight loss over 20—1000 °C
(Figure 2B). This amounted to 30.4,23.2,19.0, 17.7, and
16.5% weight loss for Rods 1, 2, 3,4, and 5, respectively.
All samples showed higher weight loss than the theo-
retical (~15 wt %) loss that was expected for the
transformation of AIOOH to Al,Os. This suggests that
these particles, from inception, carry a relatively high
water content and hydroxyl display on their surfaces.
The first derivative TGA curve (DTG in Figure 2B) de-
monstrates the emergence of two weight loss stages
over the applied temperature range. The first stage,
leading to a weight loss of 0.5—2.9 wt % at ~100 °C,
can be attributed to the desorption of water from the
particle surface. The second stage, showing a weight
loss of 13.6—24.8 wt % at 395—485 °C, can be attrib-
uted to the removal of interstitial water and hydroxyl
groups on the AIOOH nanorods.** Generally speaking,
particles of lower crystallinity tend to have higher
weight loss at the second stage, and the dehydroxyla-
tion occurs at a relatively lower temperature. Since
the dehydroxylation process starts with the diffusion of
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Figure 2. XRD, TGA and FTIR analysis of AIOOH nanorods. (A) XRD patterns of the nanorods. (B) TGA and DTG analyses of the

nanorods. (C) FTIR spectra of the nanorods.

protons and reaction with hydroxyl ions to form water,
followed by desorption from the internal surface, it is
possible that the diffusion occurs much easier in the
lower-crystallinity particles (therefore requiring a lower
dehydroxylation temperature). The ~2 wt % weight
loss above 500 °C presents the hydroxyl content of the
converted product (Al,03) and is similar for all particles.
Consistent with the XRD results, all nanoplates and
nanopolyhedra showed relatively low weight loss
by TGA analysis (16.0—19.0 wt % for the plates and
16.1 wt % for the polyhedra) because of high crystal-
linity. In contrast, Alum displayed a multistage TGA
profile with the total weight loss up to 37 wt %, which
could be attributed to the dehydroxylation and/or
decomposition of various active components in the
product (Figure S2B, Supporting Information), suggest-
ing that Alum is composed of different materials.

To further characterize the particle structure, FTIR
analysis was performed (Figure 2C and Figure S2C,
Supporting Information). Figure 2C shows the FTIR
spectra of all AIOOH nanorods in the 600—4000 cm ™"
region. Two strong bands at 3300 and 3095 cm™' can
be ascribed to the asymmetric (v,5(Al)O—H) and sym-
metric (v5(Al)O—H) stretching vibration of OH groups in
AIOOH particles.>* Similarly, the two bands at 1156 and
1067 cm ™" are assigned to asymmetric (v,sAl—O—H)
and symmetric (v;Al—O—H) OH deformation. Torsion
modes at 749 and 633 cm ™ are also observed in the
spectra. All six bands listed above are characteristic of
crystalline AIOOH; therefore, a gradual increase in their
intensities from Rod 1 to 5 suggests increased crystal-
linity with prolonged synthesis time; this is in good
agreement with the XRD data. Two weak bands at 2095
and 1972 cm™" represent combination bands (i.e., sum
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of multiple vibration bands),** which also show a slight
increase in intensity from Rod 1 to 5. The band at
1384 cm ™' corresponds to the presence of a small
amount of nitrate ions carried through the synthesis
mixture containing AI(NO5)s;. The 1651 cm™' band is
attributed to the bending mode of adsorbed water.
The low intensity of this band indicates a very small
amount of physically adsorbed water in the AIOOH
nanorods, which is consistent with the TGA results. FTIR
spectra of AIOOH nanoplates and nanopolyhedra also
exhibited characteristic AIOOH bands (Figure S2C,
Supporting Information). In contrast, FTIR analysis of
Alum showed various unidentified peaks, confirming
that Alum is a mixture of different materials without
defined structure.

Because the biological experiments are carried out
in aqueous media, we determined the hydrodynamic
size and surface charge of the nanoparticles in a variety
of solutions. The hydrodynamic sizes of AIOOH nano-
particles in water and complete cell culture medium
(RPMI-1640 with 10% FBS) or PBS supplemented with
0.2 mg/mL of OVA (for in vivo studies) were deter-
mined using dynamic light scattering (DLS) (Table 1).
Although DLS is not accurate for LAR materials, we
have previously shown that this technique can be used
to compare the agglomeration states of LAR materials
like CeO, nanorods and MWCNTs. 23> The size of
nanorods in water ranged from 244 to 810 nm, among
which the materials with lower crystallinity tended to
form bigger agglomerates. The average sizes of the
nanoplates and nanopolyhedra were 93 and 333 nm,
respectively. The hydrodynamic sizes of the particles
in protein-supplemented RPMI or PBS were similar to
those in water.
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TABLE 1. Hydrodynamic Size and Zeta Potential of AIOOH Nanoparticles

hydrodynamic size (nm)

zeta potential (mV)

sample water RPMI-1640 and 10% FBS PBS and 0.2% OVA water RPMI-1640 and 10% FBS PBS and 0.2% OVA

Rod 1 810 + 67 957 + 89 717 +8 39+2 —6+£38 —14+19
Rod 2 592 + 50 522 + 74 406 £ 15 3243 —10+4 —7+£5
Rod 3 451+ 20 552 + 36 297 +2 36+ 3 —10+38 —14+6
Rod 4 434 + 27 504 £ 11 330 +2 3+3 —13+4 —8+4
Rod 5 244 + 17 320+ 15 228+ 4 48+1 —8+£1 —16+6
Plate 93+3 159 £ 10 180 £ 7 50+1 —4+1 —2+£5
Polyhedron 333+ 25 711+ 40 535 + 48 30+ 2 —4+7 —9+38
Alum 452 + 32 31541 686 + 61 —3+1 —8+2 —15+£3
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Figure 3. Abiotic ROS generation by AIOOH nanoparticles. (A) Abiotic oxidation of GSH by AIOOH nanoparticles was
conducted with Ellman's reagent, which measures reduced glutathione (GSH). 1.6 mg/mL of AIOOH NPs was incubated with
4.5 mM GSH in a volume of 150 L in the wells of a 96-well plate for 30 min at 37 °C. Absorbance was read at 414 nm using a
microplate reader. H,0, (4 mM) was used as a positive control. *p < 0.05 compared to control sample without particles. (B)
Abiotic ROS generation potential of AIOOH nanoparticles was conducted using H,DCF. 25 1g/mL of AIOOH nanoparticles were
incubated with H,DCF working solution in a volume of 100 xL in a 96-well plate at room temperature for 3 h. Fluorescence was
measured at Ex492/Em527 nm by a microplate reader. *p < 0.05 compared to control sample without particles.

The surface charge of particles was also determined
by measuring zeta potential (Table 1). All AIOOH nano-
particles exhibited positive surface charges in water,
which may facilitate the electrostatic binding of nega-
tively charged proteins in the medium. This is likely the
reason why the zeta potential of most of the materials
became negative (around —10 mV) when incubated
with complete culture medium or PBS supplemented
with OVA (Table 1).2¢ Commercial Alum was negatively
charged in all media, suggesting the contribution of
materials other than AIOOH.

The high hydroxyl content of our specially synthe-
sized AIOOH materials make these nanoparticles
highly reactive, including the ability to generate
ROS.3” We used Ellman's reagent to compare the ability
of various nanoparticles to abiotically oxidize glu-
tathione (GSH) (Figure 3A). This demonstrated that an
incremental increase in hydroxyl content as a result of
the decreased crystallinity is accompanied by a pro-
gressive decline in GSH content when nanorods are
introduced into the reaction mixture. Also, the higher
crystallinity of nanoplates and nanopolyhedra was
accompanied by a low oxidation potential, while
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commercial Alum had minimal oxidative effects
(Figure 3A). We also conducted a DCF assay to directly
measure ROS generation by the nanoparticles
(Figure 3B). This confirmed that the abundance of
abiotic ROS production is commensurate with the
extent of GSH consumption (Figure 3A).

AIOOH Nanoparticles Induce NLRP3 Inflammasome Activation
through a Lysosomal Process that Involves Generation of Oxida-
tive Stress. Nanoparticle effects on NLRP3 inflamma-
some activation and IL-1 production were studied by
using the human myeloid cell line, THP-1, which is
frequently used for studying ENM impact on the
assembly of this pro-inflammatory structure.® PMA
(1 ug/mL) was used to differentiate the THP-1 cells
into macrophages.?®?*3” LPS (10 ng/mL) was added to
prime the cells to produce pro-IL-1/3, which were mea-
sured in cellular extracts by an ELISA (R&D Systems,
Minneapolis, MN). This demonstrated similar levels of
expression of pro-IL-13 across all cell samples irrespective
of exposure to AIOOH (Figure S3, Supporting Information).
We performed a MTS assay to rule out the generation of
cytotoxicity by AIOOH nanoparticles and Alum (Figure S4,
Supporting Information). We also assessed endotoxin
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Figure 4. IL-1 production and oxidative stress induced by AIOOH nanoparticles in THP-1 cells. (A) THP-1 cells were exposed
to AIOOH nanorods, AIOOH nanoplates and AIOOH nanopolyhedra at 500 xg/mL for 6 h. Cells exposed to Alum (500 x«g/mL)
were used as a control. IL-1/3 production in response to the nanoparticles was quantified by ELISA. *p < 0.05 compared to
control; *p < 0.05 compared to Alum. (B) THP-1, NLRP3-deficient (defNLRP3) and ASC-deficient (defASC) THP-1 cells were
exposed to AIOOH nanoparticles and Alum (500 «g/mL) for 6 h, and the IL-1/5 production was determined by ELISA. *p < 0.05
compared to wild type THP-1 cells treated with the same materials; *p < 0.05 compared to control. (C) Intracellular GSH levels
in THP-1 cells after exposure to AIOOH nanorods. THP-1 cells were exposed to 500 «g/mL of AIOOH nanorods for the indicated
time period, and intracellular GSH level was determined using a GSH-Glo assay. Zinc oxide (ZnO) (50 #g/mL) was used as a
positive control. *p < 0.05 compared to control. (D) The antioxidant, NAC, suppressed the IL-1/ production induced by AIOOH
nanorods in THP-1 cells. THP-1 cells were pretreated with 25 mM NAC for 30 min and then exposed to AIOOH nanorods for 6 h.
IL-1/3 production was determined by ELISA. *p < 0.05 compared to THP-1 cells without NAC treatment; *p < 0.05 compared

to control.

levels of the AIOOH nanorods and Alum to eliminate
endotoxin contamination. The endotoxin levels were
below 0.2 EU/mL (Figure S5, Supporting Information),
showing absence of bacterial contamination. Subse-
quent assessment of IL-18 production demonstrated
that Rods 1—3 could induce significantly higher levels
of IL-1f5 release into the cellular supernatant com-
pared to Rods 4 and 5, nanoplates, or nanopolyhedra
(Figure 4A). Rods 1—3 also induced significantly higher
IL-1/3 production than commercial Alum. Please notice
that during performance of cellular studies, we used
250 or 500 1g/mL as the administered dose since these
quantities have been used consistently in the literature
to study NLRP3 inflammasome activation.>*?>3%4° This
is confirmed by our dose response analysis as shown
for Rods 1—3 in Figure S6 (Supporting Information).
The generation of this cytokine response by the rods
and Alum was markedly suppressed in NLRP3-deficient
(defNLRP3) and ASC-deficient (defASC) THP-1 cells
(Figure 4B), confirming the involvement of the NLRP3
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inflammasome. Because of the low level of IL-1 prod-
uction, nanoplates and nanopolyhedra were omitted
from subsequent in vitro studies.

Because activation of the NLRP3 inflammasome by
LAR materials is known to depend on direct physical
interaction with the cell,*® we assessed the cellular
uptake of the AIOOH nanorods by transmission elec-
tron microscopy (TEM) and flow cytometry. The TEM
images showed that all AIOOH nanorods were taken up
into membrane-lined vesicles in THP-1 cells (Figure S7A,
Supporting Information). Because TEM analysis is not
quantitative, we performed a flow cytometry study
using FITC-labeled Rods. We found that Rods 1 and 2
were taken up in significantly higher quantities than
Rods 3—5 (Figure S7B, Supporting Information). This
could be explained by the larger agglomeration of
Rods 1 and 2 as shown by TEM (Figure S7A, Supporting
Information). To confirm that cellular uptake is important
for inflammasome activation, the actin polymerization
inhibitor, cytochalasin D (Cyto D) (Sigma, St. Louis, MO),
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was used to show that interference in rod uptake is
accompanied by reduced IL-1/ production (Figure S7C,
Supporting Information). Following phagocytic up-
take in macrophages and THP-1 cells, we have
previously shown that LAR materials (e.g., CeO,
nanowires, asbestos, and carbon nanotubes) enter the
lysosomal compartment, where membrane damage
and cathepsin B release act as upstream signals that
contribute to NLRP3 inflammasome activation.?82°38
We used confocal microscopy to see if the AIOOH
nanorods have the same effect on THP-1 cells by
following the release of the cathepsin B from the
lysosome to the cytosol. Exposure of the cells to Rods
1—3 demonstrate cytosolic release of this enzyme,
while in the case of Rods 4 and 5, the Magic Red
(ImmunoChemistry Technologies, Bloomington, MN)
staining was contained as punctate red fluorescence
dots in intact lysosomes (Figure S8A, Supporting
Information). Alum could also induce cathepsin B
release, which is consistent with a previous report.*
The role of cathepsin B release in inflammasome
activation was confirmed by showing suppression of
IL-13 production by a cathepsin B-specific inhibitor,
CA-074-Me (Sigma, St. Louis, MO) (Figure S8B, Sup-
porting Information).

To determine whether the pro-oxidative effects of
the AIOOH nanorods, as demonstrated by Ellman's
reagent and H,DCF, can be confirmed at cellular level,
we assessed whether the nanorods induce cellular ROS
production and oxidative stress in THP-1 cells. Assess-
ment of cellular GSH levels demonstrated that while
Rods 1 and 2 could significantly elevate cellular GSH
levels at 6 h, all rods ultimately induced a small but
significant decrease by 24 h (Figure 4C). The early
increase in GSH levels likely reflects an induced anti-
oxidant response in response to low level ROS produc-
tion, which leads to transcriptional activation of the
Nrf2 transcription factor.*' Nrf2 induces the expression
of multiple antioxidant enzymes, including phase I
enzymes involved in GSH synthesis.*" Similar to pre-
viously published data,*? the use of zinc oxide (ZnO) as
a positive control demonstrated a significant decrease
in cellular GSH levels, which indicates an injurious
oxidative stress response when the antioxidant de-
fense is overwhelmed (Figure 4C). Further assessment
of mitochondrial superoxide production by MitoSOX
staining demonstrated that Rods 1—3 induce signifi-
cantly more ROS production than other rods (Figures
S9, Supporting Information). Alum also induced ROS
production. To confirm the role of oxidative stress,
pretreatment of the cells with the radical scavenger
and glutathione precursor, N-acetyl-L-cysteine (NAC)
(American Regent, Shirley, NY), demonstrated suppres-
sion of mitochondrial ROS production (Figure S9,
Supporting Information). Moreover, IL-13 production
by Rods 1—3 was also significantly suppressed by NAC
(Figure 4D). All considered, these data demonstrate the
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contribution of ROS generation to lysosomal damage
and NLRP3 inflammasome activation by Rods 1—3.

In order to confirm the role of crystallinity and the
hydroxyl display on nanorods toward ROS generation
and NLRP3 inflammasome activation, Rod 2 was se-
lected to show whether heating of material and reduc-
tion of the hydroxyl content would impact the bio-
logical responses. The heating temperatures were chosen
based on the TGA analysis (Figure 2B). Although heating
up to 600 °C did not affect the rod morphology (TEM
data, not shown), there was a change in the crystal
structure according to XRD patterns (Figure 5A). This is
evidenced by the loss of the characteristic AIOOH
peaks and the appearance of Al,Os diffraction peaks
at 20 of 45.7 and 66.9° at 600 °C. Use of Ellman's
reagent demonstrated that removal of physically ad-
sorbed water without changing crystal structure by
heating to 120 °C did not change the material's pro-
oxidative activity (Figure 5B). However, as the tempera-
ture rose above 350 °C, a dramatic reduction in hydro-
xyl content (TGA analysis, Figure 2B) was accompanied
by a significant decline in pro-oxidative activity
(Figure 5B). At 600 °C, the bulk of material was trans-
formed to an Al,O3; phase, which was almost totally
lacking in oxidant activity (Figure 5B). Consistent with
these results, IL-15 production by Rod 2 showed a
progressive decline during incremental heating of this
material (Figure 5C). These results show that crystal-
linity and the hydroxyl group content in AIOOH nano-
rods affect the redox potential, which plays a role in
NLRP3 inflammasome activation.

AIOOH Nanorods Induce the Maturation and Cytokine Produc-
tion in Bone Marrow-Derived Dendritic Cells (BMDCs). To verify
the structure—activity analysis in THP-1 cells, we de-
termined whether AIOOH nanorods could stimulate
BMDCs ex vivo. Dendritic cells (DCs) are professional
APCs that play a key role in the adjuvant effect of
vaccines.*® First, we assessed the cytotoxic effects of
AIOOH nanorods on BMDCs. As shown in Figure S10
(Supporting Information), neither AIOOH nanorods nor
Alum had significant toxic effects on BMDCs. Since
Alum has been reported to induce DC maturation,**
flow cytometry analysis was performed to examine
the expression of the major histocompatibility com-
plex class Il (MHC-Il) on CD11c* DCs (Figure 6A and
Figure S11A, Supporting Information). This demon-
strated that while all nanorods are capable of inducing
MHC-II expression, the effect of Rod 2 was significantly
higher than that of Alum or other Rods. Exposure to
the nanorods also significantly induced the expres-
sion of the costimulatory molecules, CD86, CD80
and CD40 (Figure 6B—D and Figure S11B—D, Supporting
Information). Both Rods 1 and 2 induced significantly
higher levels of CD86 (Figure 6B and Figure S11B,
Supporting Information) and CD80 (Figure 6C and
Figure S11C, Supporting Information) expression com-
pared to Alum, while the CD40 expression level was
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Figure 5. IL-13 production correlates with the hydroxyl content of the AIOOH nanorods. (A) XRD patterns of the AIOOH Rod
2 after thermal treatment. Rod 2 was calcined at the indicated temperature for 2 h and then subjected to XRD analysis. (B)
Abiotic GSH oxidation as determined by Ellman's reagent. (C) IL-153 production in THP-1 cells induced by thermally treated

Rod 2. *p < 0.05 compared to control.

comparatively minor (Figure 6D and Figure S11D,
Supporting Information).

We also assessed cytokine production in BMDCs.
This demonstrated that Rods 1—3 induced IL-1/ pro-
duction that varied with these materials' hydroxyl
content (Figure 6E). This response was also dose-
dependent (Figure S12, Supporting Information). In
addition to IL-13, AIOOH nanorods induced IL-6 and
IL-12 production (Figure 6F,G). IL-6 has been reported
to be involved in the generation of Th2 immune
responses by Alum.** In contrast, IL-12 is a Th1 polariz-
ing cytokine.*® The trend for IL-12 production differs
from IL-1/3 and IL-6. This is likely due to IL-12 produc-
tion involving multiple signaling pathways in addition
to Toll-like receptor 4 (TLR4),*” >° while TLR4 is the
major pathway for the production of IL-1/3 and IL-6. To
confirm the role of oxidative stress in cytokine produc-
tion, pretreatment with NAC was used to show that the
generation of IL-15 in BMDCs was suppressed (Figure
S13A, Supporting Information). In addition, the reduc-
tion of hydroxyl content in Rod 2 by heating to 600 °C
also decreased IL-1f production (Figure S13B, Support-
ing Information). Taken together, these results demon-
strate that AIOOH nanorods are capable of inducing
BMDC maturation and cytokine production that can be
predicted by the material's physicochemical properties.

Vaccination with AIOOH Nanorods Induce Adaptive Humoral
Immune Responses. Because of their in vitro potency in
cellular ROS generation and IL-13 production, Rods 1
and 2 were chosen to perform a comparative analysis
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with Rod 5 and Alum. Mice were selected as the animal
model, because their genetic and immunological char-
acteristics closely parallel human physiology.”'*? En-
dotoxin-free OVA (BioVendor R&D, Asheville, NC) was
used as the antigen for generating antigen-specific
antibody responses in mice 2 weeks after receiving
intraperitoneal (i.p.) injection, in the absence or pre-
sence of the adjuvant. Binding affinity of OVA to the
particles was assessed by mixing of 100 ug/mL of
AIOOH nanorods with the same amount of OVA in
PBS, followed by measuring the amount of OVA that
remain in the supernatant (Figure S14, Supporting
Information). This demonstrated that roughly equal
amounts of OVA attached to the particle surface,
irrespective of composition. Following i.p. administra-
tion and collection of serum 2 weeks later, we found
that Rods 1 and 2 showed similar adjuvant effects.
Measurement of OVA-specific IgG; titers demonstrated
that Rods 1 and 2 had a significantly higher adjuvant
activity compared to Alum (Figure 7A). They also
generated significantly higher IgE titers than Alum
(Figure 7B). We also found that Rod 5 boosted IgG;
antibody production but not IgE. However, the in-
crease in IgG; was not significant compared to Alum.
Though Rod 5 has comparatively much lower bioactiv-
ity in cells (Figures 4A and 6E), its bigger boosting effect
in vivo is likely due to OVA binding to the rod surface
(Figure S14, Supporting Information), thereby serv-
ing as a carrier to increase antigen uptake in dendritic
cells in vivo. We also performed a second experiment,
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Figure 6. Mouse bone marrow-derived dendritic cell (BMDC) maturation and cytokine production. BMDCs were exposed to
AIOOH nanorods (100 #g/mL) for 16 h. Surface membrane expression of (A) MHC-II, (B) CD86, (C) CD80 and (D) CD40 on
CD11c* cells was determined by flow cytometry. LPS-treated (10 ng/mL) BMDCs were used as a control. (E) IL-13, (F) IL-6 and
(G) IL-12 production in response to AIOOH nanorods (500 «.g/mL) for 8 h in the presence of 10 ng/mL of LPS were quantified by
ELISA. *p < 0.05 compared to control; *p < 0.05 compared to Alum.

in which we tested the adjuvant effects of plates and
polyhedra, which had little effect on antibody produc-
tion (Figure S15, Supporting Information). In order to
confirm the role of oxidative stress in the generation of
these Th2-like humoral immune responses, comparative
studies were performed in Nrf2~/~ mice, which exhibit a
blunted phase Il antioxidant in response to pro-oxidative
particulates.> This analysis demonstrated an even more
robust adjuvant effect for Rod 2 toward OVA-specific
IgG; (>4000 times) and IgE (>4 times) production com-
pared to wild type mice (Figure 7C,D). Moreover, NAC
administration could suppress IgG; and IgE responses
in Nrf2~/~ mice. These data confirm the importance of
oxidative stress in AIOOH nanorod-induced adjuvant
effects in vivo. To determine whether the AIOOH nano-
rods induce systemic toxicity, biochemical analysis of
the blood serum failed to show any significant changes
in biomarkers for liver or kidney toxicity (Table S1,
Supporting Information).

SUN ET AL.

To more directly extrapolate the in vitro to the
in vivo outcome of AIOOH nanorods, adoptive transfer
of BMDCs was used after ex vivo exposure to 20 ug/mL
of OVA plus 100 ug/mL of AIOOH nanorods or Alum.
The BMDCs were i.p. injected in mice on two occasions
(day 0 and day 7). Animals were sacrificed on day 14,
and serum was obtained to measure antibody levels.
As shown in Figure 8A, animals receiving BMDCs
primed with Rod 2 plus OVA showed significantly
higher anti-OVA IgG; levels than mice receiving BMDCs
primed with OVA alone or OVA plus Alum. Curiously,
while Rod 5 induced an effect comparable to Rod 2 for
IgG; production, the effect of Rod 2 was significantly
higher than Rod 5 in IgE production (Figure 8B).

DISCUSSION

In this study, a library of AIOOH nanoparticles with
defined physicochemical properties was synthesized
to determine whether crystal structure, hydroxyl content
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Figure 7. Adjuvant effect of AIOOH nanorods on humoral
immune responses in mice. Eight week old female wt
C57BL/6 or Nrf2™’~ C57BL/6 mice (6 animals per group)
were treated with endotoxin-free OVA (400 1g) or OVA/
AIOOH nanorods (400 xg/2 mg) via i.p. on day 0. OVA/Alum
immunized mice were used as a control. On day 7, the
animals were treated with endotoxin-free OVA (200 ug) via
i.p. injection. On day 14, the blood serum was collected to
determine (A) IgG, and (B) IgE titers in wt C57BL/6, (C) I19G,
and (D) IgE in Nrf2~/~ C57BL/6 mice. For NAC-treated mice,
the mice were treated with 8 mg NAC i.p. every other day
for a total of 14 days. *p < 0.05 compared to control mice;
3 < 0.05 compared to OVA-treated mice; *p < 0.05 com-
pared to OVA/Alum-treated mice.

Adoptive Transfer - Th2 Responses .
A a a
a # B #
50 1 *
PR 9000
40 = 1
g [
£ S 6000 *
S 30 2
£ w
s >
20 1
2 3000
10
0- 0-

& A
o 0“’“‘&0‘3%?@56 »\\«\ o 0\‘}9\0619056 P»“’«\

+0OVA +OVA

Figure 8. Humoral immune responses after adoptive trans-
fer of BMDCs. OVA/AIOOH nanorod-primed BMDCs were i.p.
injected into eight week old female C57BL/6 mice (6 animals
per group) on day 0. On day 7, the animals were i.p. boosted
with OVA/AIOOH nanorod-primed BMDCs. On day 14, the
blood serum was collected to determine (A) IgG, and (B) IgE
titers. *p < 0.05 compared to control mice; °p < 0.05
compared to OVA-primed BMDC sensitized mice; *p < 0.05
compared to OVA/Alum-primed BMDC sensitized mice.

and particle shape could induce THP-1 and BMDC
responses that are predictive of the potential of these
materials to exert an adjuvant effect in vivo. We
demonstrate that the AIOOH nanorods with the

SUN ET AL.

highest hydroxyl content (and the lowest crystallinity)
are the most redox active materials, capable of NLRP3
inflammasome activation and stimulating IL-15 pro-
duction in THP-1 cells and BMDCs. Comparison of the
in vitro response profiles to the adjuvant effect in vivo
demonstrated that Rods 1 and 2 provided a superior
adjuvant effect compared to commercial Alum. More-
over, adoptive transfer was used to show that the
BMDC structure—activity relationships relate to their
ability to boost the in vivo immune response.

This study establishes an in vitro structure—activity
analysis that can be used to quantitatively adjust the
adjuvant effect of aluminum-based adjuvants in vivo.
By using a comprehensive library of AIOOH nanopar-
ticles with defined shape, crystallinity, and hydroxyl
display, we demonstrate that several properties play a
role in the adjuvant effect of these materials. One is
aspect ratio, which influence cellular uptake and loca-
lization in lysosomes. However, this property does not
explain the differences between rods, because they all
had an aspect ratio of ~10. The second set of proper-
ties influencing the adjuvant effect is crystallinity and
surface hydroxyl display, which differs from rod to rod
and does correlate with the extent of lysosome da-
mage, NLRP3 inflammasome activation and IL-1/ pro-
duction. Although it is possible that other physical
properties may play a role, we did not see any clear
correlation between IL-f production and the surface
area (S), volume (V), or SA/V ratios of the particles (data
not shown). We also noticed that AIOOH nanoparticles
with higher crystallinity (Rods 1 and 2) formed larger
agglomeration and resulted in higher cellular uptake
(Figure S7A, Supporting Information), suggesting that
agglomeration also plays a role in the adjuvant effect.
In addition, Rod 5 also induced increased IgG; produc-
tion in vivo despite low bioactivity in vitro, suggesting
that the binding of OVA and delivery to dendritic cells
play a role in boosting the immune response in vivo.
Furthermore, the adjuvant effect of AIOOH depends on
lysosomal damage and NLRP3 inflammasome assem-
bly. Recruitment of caspase 1 to the inflammasome is
responsible for IL-153 production, as evidenced by the
suppressed cytokine production in THP-1 cells in which
NLRP3 and ASC are deficient (Figure 4B). These SARs
are also important in shaping the increased adjuvant
effect of Rod 1 and Rod 2 in vivo.

The pro-oxidative effects of aluminum-based mate-
rials have not been systematically explored for adju-
vant potency. ROS is a critical regulator of different
aspects of the immune response.>* Consistent with
reports that ROS play an important role in NLRP3
inflammasome activation,”>>® we demonstrate that
AIOOH nanorods induce cellular ROS production and
oxidative stress, which contributes to inflammasome
assembly as well as in vivo adjuvant effects.’” > This
is further substantiated by the finding that treat-
ment with an antioxidant (NAC) could suppress ROS
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production and IL-1f release in BMDC. Similarly, the
boosting of antibody titers in Nrf2~/'~ mice was 4000
times stronger for IgG; and 4 times stronger for IgE
compared to wild type animals (Figure 7). Moreover, the
immunostimulatory effects of the nanorods were
blunted by NAC administration (Figure 7C,D). These
findings are in agreement with previous studies look-
ing at boosting of immune responses to environmental
allergens by particulate pollutants. Whitekus et al.
demonstrated that the generation of ROS is involved
in the adjuvant effects (Th2 response) of diesel
exhaust particles (DEP),>” while Li et al. showed that
the higher oxidant potential of ultrafine particles
(including DEP) make them more effective immune
adjuvants than fine (PM 2.5) particulates.®® More-
over, Nrf2 deficiency enhanced the adjuvant effect of
UFPs in DCs as a result of compromised antioxidant
defense.®®

Our study is in agreement with previous findings
showing that aluminum-based adjuvants predomi-
nantly trigger Th2-like antibody responses (antigen-
specific IgG; and IgE production). It is also known that
the adjuvant effects of aluminum-containing adjuvants
are preserved in MyD88 and TRIF knockout animals;
these are key adapters that impact the induction of Th1
immunity by ligands that engage Toll-like receptor (TLR)
signaling pathways.®"% It is interesting that in addition
to boosting of IL-15 production, AIOOH nanorods could
increase IL-6 and IL-12 production in BMDCs (Figure 6F,G).
IL-12 plays a key role in promoting the development of
Th1 cells from precursors that interact with antigen-
presenting DC.*¥%354 Fyture studies will address whether
AIOOH nanorods can boost antigen-specific Th1 immune
responses, which are key to the development of protec-
tive immunity.

Although it is generally agreed that Alum is capable
of inducing NLRP3 inflammasome activation at the
cellular level, there is some disagreement about the
necessity of this pro-inflammatory response pathway
in generating adjuvant effects in vivo.>*"2’3% Using
NLRP3 knockout mice, Eisenbarth et al. showed that
Alum failed to boost OVA-specific antibody responses
in NLRP3, ASC, and caspase-1 knockout mice.>* Simi-
larly, Kool et al. showed that the collection of Alum-
induced inflammatory cells in the peritoneal cavity is
decreased in NLRP3 deficient mice, supporting the role
of the NLRP3 inflammasome in the induction of ad-
juvant effects.® In contrast, Franchi et al. showed that

MATERIALS AND METHODS

Reagents and Materials. Alum was purchased from Thermo
Scientific (Pittsburgh, PA); monosodium urate (MSU) crystal was
purchased from InvivoGen (San Diego, CA); CA-074-Me and
Cytochalasin D were obtained from Sigma (St. Louis, MO);
N-acetyl-L-cysteine (NAC) was purchased from American Regent,
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the NLRP3 inflammasome was not required for the
induction of an antigen-specific antibody response
during immunization with Alum.> Moreover, Kool
et al. in another study demonstrated that while NLRP3
deficient mice were partially defective at priming anti-
gen-specific T cells, these animals mounted a normal
OVA-specific IgG, response.?® One possible reason for
this discrepancy is the existence of different adjuvant
mechanisms by which Alum boosts in vivo immune
responses, as suggested by studies showing that Alum
also induces cytotoxicity and DNA release®>®® and is
able to perturb the DC membrane as a way of provid-
ing immune stimulation.** Nonetheless, our study
shows excellent correlation between NLRP3 activation
at cellular level and the generation of in vivo adjuvant
effects (Figures 4 and 7). We propose that this structure—
activity relationship will be helpful to design and devel-
op additional aluminum-based adjuvants. Our future
studies will address the adjuvant activity of AIOOH
nanorods in NLRP3 knockout mice as well as the impact
on the alternative pathways. It should be possible to use
our rods as reference materials to show whether the
paradoxical outcome in NLRP3 knockout mice could be
due to the differences in the physicochemical properties
of various aluminum-based materials that were used
previously. It is possible that differences in the colloidal
chemistry during reconstitution of the vaccine could
give rise to a number of physicochemical compositions
or states of suspension that can engage more than one
immunostimulatory pathway.

CONCLUSION

In this paper, we designed and synthesized a library
of AIOOH nanoparticles with defined shape, crystallinity,
and hydroxyl content. Moreover, we demonstrated that
these physicochemical properties play a key role in the
ability of AIOOH nanorods to activate the NLRP3 inflam-
masome, leading to IL-1/ production in dendritic cells
and boosting OVA-specific immune responses in mice.
Not only are these adjuvants superior to Alum in terms
of relative strength, but we also demonstrate that it is
possible to boost in vivo immune responses by coinjec-
tion with antigen or dendritic cell adoptive transfer.
These results demonstrate that the engineered design
of aluminum-based adjuvants in combination with
structure—activity analysis of the events around NLRP3
inflammasome activation can be used as a design plat-
form to develop improved aluminum-based vaccines.

Inc. (Shirley, NY); endotoxin-free OVA was purchased from
BioVendor R&D (Asheville, NC); Magic Red cathepsin B detection
kit was purchased from ImmunoChemistry Technologies
(Bloomington, MN). The ELISA kits for human IL-1/ and pro-IL-
15 were purchased from R&D Systems (Minneapolis, MN);
the ELISA kits for mouse IL-1, IL-12 and IL-6 were purchased
from BD Biosciences (San Diego, CA). Aluminum(lll) nitrate
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nonahydrate [AI(NOs)s3-9H,0], ethylenediamine (EDA), fluo-
rescein isothiocyanate isomer | (FITC), (3-aminopropyl)
triethoxysilane (APTES), N,N-dimethylformamide (DMF) and
aluminum isoproxide [AI(OCsH;)s] were purchased from Sigma
(St. Louis, MO).

Synthesis of Aluminum Oxyhydroxide (-AIOOH) Nanoparticles. In a
typical synthesis of y-AIOOH nanorods, 1.3933 g of aluminum(lil)
nitrate nonahydrate [AI(NOs);:9H,0] was dissolved in
20 mL of deionized water to form a clear solution. 0.238 mL of
ethylenediamine (EDA) was then added dropwise to the solu-
tion during continuous stirring. The pH of the milky precipitate
was ~5. After vigorous stirring for 15 min, the reaction mixture
was transferred into a 23-mL Teflon-lined stainless steel auto-
clave and kept at 140—220 °C in an electric oven for 2—72 h.
Once the reaction was completed, the autoclave was immedi-
ately cooled in a water bath. The fresh precipitate was separated
by centrifugation and washed sequentially with deionized
water and ethanol for three cycles to remove all ionic remnants.
The final product was dried at 60 °C overnight. Synthesis of
y-AlOOH nanoplates and nanopolyhedra were prepared using
the same method except that the pH of the synthesis mixture
was adjusted to ~10 by increasing EDA content (0.397 mL).
Boehmite nanopolyhedra were prepared following a published
procedure, using aluminum isoproxide (Al(OC3H)3) as alumi-
num precursor.®’

Characterization of 1-AIOOH Nanoparticles. Transmission electron
microscopy (TEM), using a JEOL 1200 EX (accelerating voltage
80 kV), was used to observe the morphology and to determine
the primary size of y-AIOOH nanoparticles. X-ray powder dif-
fraction (XRD), using a Panalytical X'Pert Pro diffractometer
(CuKa radiation), was used to determine the phase and crystal-
linity of the final y-AIOOH product. All XRD patterns were col-
lected with a step size of 0.02° and counting time of 0.5 s per
step over a 26 range of 10—80°. Fourier transformed infrared
(FTIR) spectra were recorded using a Bruker Vertex-70 FTIR
spectrometer, using the KBr pellet technique. Thermogravi-
metric analysis (TGA) was performed by heating the samples
from 20 to 1000 °C at a rate of 10 °C/minute under air with
a Perkin-Elmer Diamond Thermogravimmetric/Differential
Thermal Analyzer. High throughput dynamic light scattering
(HT-DLS, Dynapro Plate Reader, Wyatt Technology) was per-
formed to determine the particle size and size distribution of the
y-AlOOH nanoparticles in water, cell culture medium and PBS
supplemented with 0.2% OVA following our recently developed
protocol. Zeta potential measurement was conducted using a
Brookhaven ZetaPALS instrument.

Abiotic Quantification of Glutathione (GSH) Oxidation by Ellman's
Reagent. Assessment of the GSH content was performed using
Ellman's reagent (5,5'-dithiobis-2-nitrobenzoic acid), or DTNB.
This reagent reacts with GSH to yield yellow colored 5-thio-2-
nitrobenzoic acid (TNB), which absorbs at 414 nm. 1.6 mg/mL of
AIOOH nanoparticles were incubated with 45 mM GSH in a
volume of 150 uL in a 96-well plate at 37 °C for 30 min. The GSH
concentration in the reactant was calculated by constructing a
standard curve with known GSH concentrations. GSH oxidation
by H,0, (4 mM) was used as a control.

Abiotic Quantification of ROS Generation by the H,DCF Reagent. As-
sessment of the ROS generation was performed using H,DCF
(2',7'-dichlorofluorescein). H,DCF working solution was pre-
pared by dissolving 50 ug of H,DCFDA (2,7’-dichlorodihydro-
fluorescein diacetate) in 17.3 uL of ethanol. To facilitate cleavage of
the diacetate group, 692 uL of 0.01 M sodium hydroxide was
added to the solution, and the mixture placed at room tempera-
ture for 30 min. Then, 3.5 mL of sodium phosphate buffer (pH="7.1)
was added to neutralize the reaction. The mixture was used as
H,DCF working solution. 25 ug/mL of AIOOH nanoparticles were
incubated with H,DCF working solution in a volume of 100 uL in a
96-well plate at room temperature for 3 h. The fluorescence was
measured at Ex492/Em527 nm in a SpectraMax M5 microplate
reader (Molecular Devices, Sunnyvale, CA).

Cell Culture. Human THP-1 cells were grown in RPMI-
1640 media supplemented with 10% fetal bovine serum (FBS),
100 U/mL—100 ug/mL of penicillin—streptomycin and 50 uM
beta-mercaptoethanol. NLRP3-deficient (defNLRP3) and ASC-
deficient (defASC) THP-1 cells (InvivoGen, San Diego, CA) were
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grown in RPMI-1640 media, supplemented with 10% (v/v) FBS,
200 ug/mL of HygroGold, and 100 ug/mL of Normocin. BMDCs
were prepared from the bone marrow of female C57BL/6 mice,
following the protocol described by Williams et al.%® Briefly,
bone marrow precursor cells were collected from the femora
and tibiae of female C57BL/6 mice and cultured in RPMI-1640
containing 10% (v/v) FBS, 10 ug/mL of gentamicin, 250 ng/mL
of amphotericin B, 50 uM $3-ME, 20 mM HEPES and 2 mM
L-glutamine. Cells were grown in a volume of 4 mL in a 6-well
plate at 5 x 10° cells/well. On day 0, the cells were maintained
with addition of 25 ng/mL of GM-CSF. Two days later, the cells
were treated with a combination of 20 ng/mL of GM-CSF and
10 ng/mL of IL-4, and the medium was replaced every other day.
On day 8, theimmature BMDCs were collected and washed with
PBS before use.

Determination of the Cytotoxic Potential of AIOOH Nanoparticles. The
cytotoxicity in THP-1 cells and BMDCs was determined by the
MTS assay, using CellTiter 96 AQueous (Promega, Madison, WI).
After 6 h of exposure to AIOOH nanoparticles (500 ug/mL) in a
96-well plate, cell culture medium was removed, and each well
was replaced with 120 uL of complete culture medium contain-
ing 16.7% MTS stock solution for an hour at 37 °C in a 5% CO,
atmosphere. Plates were centrifuged at 2000g for 10 min in an
Eppendorf 5430 microcentrifuge with microplate rotor to spin
down the cell debris and nanoparticles. 100 uL of the super-
natant was removed from each well and transferred into a
new 96-well plate. The absorbance of the formazan was read at
490 nm in a SpectraMax M5 microplate reader (Molecular
Devices, Sunnyvale, CA).

Determination of the Endotoxin Level in AIOOH Nanorods. The
endotoxin level in AIOOH nanorods was determined using a
Limulus Amebocyte Lysate assay kit (Lonza, Walkersville, MD).
Briefly, 25 ug of AIOOH nanorods were mixed with 50 uL of
Limulus Amebocyte Lysate (LAL) reagent in the wells of a
96-well plate. Then, 50 uL of reconstructed LAL was added to each
well, and the plate was incubated at 37 °C for 10 min. 100 uL of
chromogenic substrate solution was added to each well, and
incubated at 37 °C for 6 min. 100 uL of 25% aqueous glacial
acetic acid solution was added to each well to stop the reaction,
and the absorbance was read at 405 nm using a SpectraMax M5
microplate reader (Molecular Devices; Sunnyvale, CA). A stan-
dard curve with known concentrations of endotoxin was used
to calculate the concentration of endotoxin level in AIOOH
nanorods.

Determination of IL-15 Production by AIOOH Nanoparticles. THP-1
cells in 100 uL of tissue culture medium were plated at the
density of 3 x 10* per well in a 96-well plate with the addition of
1 ug/mL of phorbol, 12-myristate, 13-acetate (PMA) for 16 h. For
BMDCs, cells in 100 uL of tissue culture medium were plated
at the density of 4 x 10* per well in a 96-well plate with the
addition of 10 ng/mL of LPS for 16 h. The medium was replaced
with fresh medium, and the primed cells treated with AIOOH
nanoparticles (500 #g/mL) in the presence of LPS (10 ng/mL)
for 6 h. The supernatant of the activated cells was collected to
perform the cytokine assay. In another version of the experi-
ment, THP-1 cells were pretreated with NAC (25 mM), cytocha-
lasin D (5 uM), and CA-074-Me (20 uM) for 30 min before the
addition of AIOOH nanoparticles. Interleukin-13 (IL-18) was
detected by enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer's instructions.?®

Determination of Intracellular Pro-IL-153 Production by AIOOH Nano-
partides. THP-1 cells in 100 uL of tissue culture medium were
plated at the density of 3 x 10* per well in a 96-well plate with
the addition of 1 ug/mL of phorbol, 12-myristate, 13-acetate
(PMA) for 16 h. The medium was replaced with fresh medium,
and the primed cells were treated with AIOOH nanoparticles
(500 ug/mL) in the presence of LPS (10 ng/mL) for 6 h. The
supernatant of the activated cells were removed, and cells were
lysed using lysis buffer (100 uL/well). Intracellular pro-IL-15
production by AIOOH nanoparticles was determined using an
ELISA, according to the manufacturer's instructions. Briefly,
50 uL of assay diluent was added to each well of monoclonal
pro-IL-13 antibody precoated 96-well plate; then 200 uL of
diluted samples were added to each well, and the plate was
incubated at room temperature for 1.5 h. After three washes,
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100 uL of pro-IL-13 antiserum was added to each well, and the
plate was incubated at room temperature for 0.5 h. After three
washes, 100 uL of pro-IL-1/3 conjugate was added to each well,
and the plate was incubated at room temperature for 0.5 h.
Following three washes, 200 uL of substrate solution was added
to each well, and the plate was incubated at room temperature
for 20 min. Finally, 50 uL of stop solution was added to each well,
and the plate was read at 450 nm in a SpectraMax M5 micro-
plate reader (Molecular Devices, Sunnyvale, CA).

Determination of Intracellular GSH Content. A GSH-Glo assay kit
(Promega, Madison, WI) was used to determine the intracellular
GSH levels after AIOOH nanoparticle exposure. The THP-1 cells
were exposed to AIOOH nanoparticles (250 #g/mL) in a 96-well
plate at 37 °Cand 5% CO, for the indicated time. After exposure,
the cellular supernatant was removed and 100 xL of GSH-Glo
reaction buffer containing Luciferin-NT and glutathione
S-transferase was added to each well in the plate and incubated
at room temperature with constant shaking for 30 min. Then,
100 uL of Luciferin D detection reagent was added to each well,
and the plate was incubated at room temperature with constant
shaking for another 15 min. The luminescent signal was quan-
tified using a SpectraMax M5 microplate reader (Molecular
Devices; Sunnyvale, CA).

Use of TEM to Determine Cellular Uptake. PMA-differentiated
THP-1 cells were treated with AIOOH nanoparticles (500 xg/mL)
in the presence of LPS (10 ng/mL) for 12 h. The cells were
collected and washed with PBS. The cells were treated with 2.5%
glutaraldehyde (in PBS) for 2 h at room temperature. After
postfixation in 1% OsO4 in PBS for 1 h, the cells were dehydrated
in a graded ethanol series, followed by treatment with propy-
lene oxide, and then embedded in Epon. Approximately
60—70 nm thick sections were sectioned on a Reichert-Jung
Ultracut E ultramicrotome and placed on Formvar-coated cop-
per grids. The sections were stained with uranyl acetate and
Reynolds lead citrate and examined on a JEOL 1200EX electron
microscope at 80 kV in the Electron Imaging Center for Nano-
Machines at UCLA.

Quantification of Intracellular Nanoparticle Uptake by Flow Cytometry.
Fluorescent labeling of AIOOH nanorods was previously de-
scribed by us.*? Briefly, AIOOH nanorods were labeled with the
fluorescein isothiocyanate (FITC) by resuspending 7 mg of
nanoparticles in 1.5 mL of dimethylformamide (DMF). To this
we added 2.5 ul of 4% (v/v) aminopropyltriethoxysilane
(APTES). The nanoparticle-APTES mixed solution was allowed
to interact under nitrogen gas at room temperature for 24 h. The
reactant was washed with DMF and resuspended in 0.5 mL of
DMF. The FITC-DMF solution was prepared by dissolving 2 mg of
FITCin 1 mL of DMF. 88 uL of FITC DMF solution was added into
the nanoparticle—DMF mixture and reacted overnight. The
FITC-labeled nanoparticles were washed with purified water
several times and suspended in water at 20 mg/mL for future
use. THP-1 cells in 2 mL of tissue culture medium were plated at
the density of 4 x 10° per well in a 12-well plate in the presence
of 1 ug/mL of phorbol, 12-myristate, 13-acetate (PMA) for 16 h.
The medium was replenished, and the differentiated THP-1 cells
treated with AIOOH nanoparticles (500 ug/mL) in the presence
of LPS (10 ng/mL) for 6 h. Cells were washed and resuspended in
PBS for flow cytometry analysis. The cells were analyzed using
FACScan flow cytometer (Becton Dickinson), and the data were
analyzed using FlowJo (Ashland, OR).

Lysosomal Damage and Cathepsin B Release Determined by Confocal
Microscopy. Differentiated THP-1 cells were exposed to AIOOH
nanoparticles (500 ug/mL) for 5 h in an 8-well chamber at
1 x 10° cells/400 uL of medium for 3 h at 37 °C and 5% CO,. The
cells were washed twice with PBS and stained with 420 uL of
Magic Red (Immunochemistry Technologies, Bloomington, MN)
working solution for 1 h at 37 °C and 5% CO,. The cells were
washed twice with PBS and fixed with 4% paraformaldehyde
at room temperature for 15 min. The cells were then stained
with 10 uM Hoechst 33342 (Invitrogen, Carlsbad, CA) and 1 ug/mL
of WGA-Oregon Green 488 conjugate (Invitrogen, Carlsbad, CA) at
room temperature for another 20 min. Finally, cells were washed
with PBS twice and examined using a Leica Confocal SP2 1P-FCS
microscope (Advanced Light Microscopy/Spectroscopy Shared
Facility, UCLA). High-magnification images were obtained with
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a 63x objective (Leica, N.A. = 1.4). Optical sections were
averaged 4 times to reduce background noise. Images were
processed using Leica Confocal Software.

Assessing Mitochondrial ROS Production by MitoSOX Red. Differen-
tiated THP-1 cells were exposed to AIOOH nanoparticles for 3 h,
following which cells were washed twice with PBS and treated
with 5 uM MitoSOX (Invitrogen, Carlsbad, CA) in HBSS for
20 min. Cells were washed twice with PBS and fixed with 4%
PFA for 15 min. Following two more washes, cells were stained
with 10 uM Hoechst 33342 (Invitrogen, Carlsbad, CA) for 20 min.
Cells were washed with PBS twice and examined using a Leica
confocal SP2 1P-FCS microscope (Advanced Light Microscopy/
Spectroscopy Shared Facility, UCLA). High-magnification images
were obtained with a 63x objective (Leica, N.A. = 1.4). Optical
sections were averaged 4 times to reduce background noise.
Images were processed using Leica Confocal Software.

Analysis of BMDC Maturation and Cytokine Production Induced by
AIOOH Nanoparticles. BMDCs were exposed to AIOOH nanoparti-
cles at 100 ug/mL for 16 h. The particle effect on BMDC activa-
tion was assessed by analyzing the expression of maturation
markers (MHC-II, CD86, CD80, and CD40) on the cell surface. The
expression of these markers was determined by flow cytometry
using the following mAbs: anti-CD11c PE plus one of the
following FITC-labeled antibodies: anti-MHC-II, anti-CD86, anti-
CD80, or anti-CD40.>° Briefly, cells were exposed to blocking
mAbs (CD16/CD32) for 10 min on ice. After washing, cells were
incubated with mAbs for 30 min at 4 °C. The cells were analyzed
using a FACScan flow cytometer (Becton Dickinson), and
the data analyzed using FlowJo (Ashland, OR). For cytokine
production, the BMDCs were treated with LPS (10 ng/mL) for
16 h before the addition of AIOOH nanoparticles (500 «g/mL).
The cells were treated for 8 h, and supernatants were col-
lected for quantification of IL-15, IL-12 and IL-6 by ELISA.
IL-18, IL-12 and IL-6 were measured by the mouse ELISA sets
(BD Biosciences; San Diego, CA) according to the manufac-
turer's protocols.

Animal Vaccination Using AIOOH Nanoparticles and OVA. Eight week
old female C57BL/6 mice were purchased from Charles River
Laboratories (Hollister, CA). Nrf2~’~ mice were bred in our lab
and backcrossed onto a C57BL/6 background for 10 genera-
tions.®® All animals were housed under standard laboratory
conditions that have been set up according to UCLA guidelines
for care and treatment of laboratory animals as well as the NIH
Guide for the Care and Use of Laboratory Animals in Research
(DHEW?78—23). Our protocols were approved by the Chancel-
lor's Animal Research Committee at UCLA and include standard
operating procedures for animal housing (filter-topped cages;
room temperature at 23 £ 2 °C; 60% relative humidity; 12 h
light, 12 h dark cycle) and hygiene status (autoclaved food and
acidified water). Test animals were treated with endotoxin-free
OVA (400 ug) or OVA/AIOOH nanoparticles (400 ug/2 mg) via
ip. on day 0. On day 7, the animals were ip. treated with
endotoxin-free OVA (200 ug). For NAC treatment, the mice were
i.p. injected with 8 mg of NAC every other day for a total of 14
days. After animal sacrifice on day 14, blood samples were
collected by cardiac puncture after pentobarbital anesthesia
(0.1 mL of 50 mg/kg via i.p.). The mouse chest was opened and
the blood was drawn by using a 21G needle and a 1 mL heparin-
treated syringe. The serum was separated by centrifugation in a
CAPUECT blood collection tube (Terumo, Somerset, NJ) for
5 min (1500 rpm) and used for IgG, and IgE measurement by
ELISA.>” Briefly, for analysis of OVA-specific IgG; and IgE, ELISA
plate was first coated with 50 ug/mL of OVA and exposed to
serum samples, and then biotin-conjugated rat antimouse IgG,
or IgE antibody (BD Biosciences, San Diego, CA) were used for
detection. During the ELISA experiment, the OVA-coated ELISA
plate was also blocked with 10% FBS/PBS to eliminate non-
specific binding and background before the addition of serum
samples.

Adoptive Transfer of BMDCs. 1 x 10° BMDCs (in 2 mL of medium
in 6-well plates) were stimulated with endotoxin-free OVA
(20 ug/mL) with or without the addition of AIOOH nanoparticles
or Alum (100 ug/mL) for 16 h. The stimulated DCs were collected
and washed 3 times in cold PBS. On day 0 and day 7, adoptive
transfer was performed by i.p. injection of 1 x 10° cells/mouse
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in a volume of 200 uL in PBS. On day 14, the mice were
sacrificed, and blood was collected. The serum was used for
IgG, and IgE measurement by ELISA.>”

Statistical Analysis. For all the figures, the values shown
represent mean =+ SD. Statistical significance was determined
by two-tailed Student's t test for two-group analysis or one-way
ANOVA for multiple group comparisons.
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