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Abstract

In an effort to improve the adjuvanticity of insoluble aluminum salts, we discovered that the 

adjuvant activity of aluminum salt nanoparticles is significantly stronger than aluminum salt 

microparticles, likely related to nanoparticle’s stronger ability to directly activate NLRP3 

inflammasome as the nanoparticles are more efficiently taken up by phagocytic cells. Endogenous 

signals such as uric acid from cell damage or death caused by the cytotoxicity of aluminum salts 

are thought to indirectly activate inflammasome, prompting us to hypothesize that the potent 

adjuvant activity of aluminum salt nanoparticles is also related to their ability to stimulate uric acid 

production. In the present study, we prepared aluminum (oxy)hydroxide nanoparticles (~30–100 

nm) and microparticles (X50, 9.43 μm) and showed that intraperitoneal injection of mice with the 

nanoparticles, absorbed with ovalbumin, led to a significant increase in uric acid level in the 

peritoneal lavage, whereas the microparticles did not. The aluminum (oxy)hydroxide 

nanoparticles’ ability to stimulate uric acid production was also confirmed in cell culture. We 

concluded that the stronger adjuvant activity of insoluble aluminum (oxy)hydroxide nanoparticles, 

relative to microparticles, may be attributed at least in part to their stronger ability to induce 

endogenous danger signals such as uric acid.
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1. Introduction

Many human vaccines contain insoluble aluminum salts such as aluminum (oxy)hydroxide 

and aluminum (hydroxy)phosphate as adjuvants (Kaddar, 2008, Thakkar and Cui, 2017). 

Although insoluble aluminum salts have been used in vaccines for decades, their exact 

mechanisms of action remain elusive (HogenEsch, 2002, HogenEsch, 2012). Over the years, 

various theories have been proposed to explain the mechanisms underlying the adjuvant 

activity of insoluble aluminum salts. It is clear now that the mechanisms of adjuvanticity of 
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aluminum salts are complex. Proposed mechanisms of immunopotentiation by aluminum 

salt-based adjuvants include (i) the formation of antigen depot, although the depot theory has 

been challenged (Marrack et al., 2009, Hutchison et al., 2012, He et al., 2015), (ii) 

stimulation of antigen-presenting cells such as dendritic cells (DCs) and macrophages 

(Mannhalter et al., 1985), (iii) complement activation (Ulanova et al., 2001), and (iv) 

stimulation of inflammatory and innate immune responses (Ulanova et al., 2001, 

HogenEsch, 2002, Wang et al., 2013, Rincon et al., 2017). In addition, there are reports 

showing that insoluble aluminum salts activate the intracellular pathogen pattern recognition 

receptor signaling pathway involving the NACHT, LRR and PYD domains-containing 

protein 3 (NLRP3) inflammasome by directly engaging phagocytic cells such as 

macrophages, and the engulfment of aluminum salt particles leads to lysosomal rupture 

(Eisenbarth et al., 2008, Kool et al., 2008a). Potent inflammatory cytokines such as IL-1β 
and IL-18 are released in response to NLRP3 activation, which direct the host responses to 

infection and injury (Martinon et al., 2009). Furthermore, Kool and colleagues reported that 

aluminum salt-based adjuvants boost adaptive immunity by inducing uric acid (Kool et al., 

2008b). They showed that intraperitoneal injection of an aluminum salt (Imject Alum)-

adjuvanted model vaccine into mice led to a significant increase in uric acid level in the 

intraperitoneal lavage, and pre-treatment of the mice with uricase, an uric aciddegrading 

enzyme, inhibited CD4+ T cell priming (Kool et al., 2008b), suggesting an indirect pathway 

for insoluble aluminum salts to activate NLRP3 inflammasome (Marrack et al., 2009). Uric 

acid and other molecules such as high mobility group box 1 (HMGB1), ATP, heat shock 

proteins (HSPs), DNA, IL-1α, and filamentous actin comprise a group of substances called 

alarmins or danger-associated molecular patterns (DAMPs), and they were reported to be 

involved in immunopotentiation by aluminum salt-based adjuvants (Kool et al., 2008b, Rock 

et al., 2010, Marichal et al., 2011). Moreover, there were reports that DNA released by dying 

host cells upon treatment with aluminum salts mediates the adjuvanticity of aluminum salts 

(Marichal et al., 2011, McKee et al., 2013), but Noges et al. (2016) reported that 

contamination of DNase preparations confounds analysis of the role of host DNA in the 

adjuvanticity of aluminum salts (Noges et al., 2016).

Previously we and others discovered that the adjuvant activity of aluminum (oxy)hydroxide 

and aluminum (hydroxy)phosphate could be significantly improved by reducing the size of 

the particles in the aqueous suspensions of the insoluble aluminum salts from micrometer 

scale to nanometer scale (e.g. from 1–20 μm to ~100 nm) (Sun et al., 2013, Li et al., 2014, 

Ruwona et al., 2016, Li et al., 2017). We further provided evidence that the more potent 

adjuvant activity of the aluminum salt nanoparticles is likely related to their stronger ability 

in activating the NLRP3 inflammasome than aluminum salt microparticles as in cell culture, 

phagocytic cells (e.g. macrophages) can more effectively internalize the aluminum salt 

nanoparticles than microparticles, presumingly leading to increased lysosomal damage and 

rupture (Ruwona et al., 2016).

In an effort to further elucidate the mechanisms underlying the stronger adjuvant activity of 

the aluminum salt nanoparticles, relative to microparticles, we evaluated and compared 

aluminum (oxy)hydroxide nanoparticles (AH-NPs) and microparticles (AH-MPs) in their 

ability to induce uric acid production in culture and in a mouse model, hypothesizing that 

the AH-NPs are more potent than AH-MPs in inducing the endogenous danger signal uric 
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acid. Based on Kool and colleagues’ findings, more uric acid is expected to be associated 

with a stronger immunopotentiation (Kool et al., 2008b).

2. Materials and methods

2.1 Reagents

The Aluminum Hydroxide Nanopowder/Nanoparticles (high purity, 99.9%, # US3026) were 

from the US Research Nanomaterials, Inc. (Houston TX). Polyvinylpyrrolidone, phosphate-

buffered saline (PBS), ovalbumin (OVA), Sigma- Aldrich uric acid assay kit, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent were from Sigma-Aldrich 

(St. Louis, MO). Cell culture medium, penicillin, streptomycin, and fetal bovine serum 

(FBS) were from Invitrogen (Carlsbad, CA). Amplex® red uric acid assay kit was from 

Molecular Probes/Life Technologies (Eugene, OR). Mouse J774A.1 macrophage cells (# 

TIB-67™) were from the American Type Culture Collection (Manassas, VA)

2.2 Preparation and characterization of aluminum (oxy)hydroxide nanoparticles (AH-NPs) 
and microparticles (AH-MPs)

AH-NPs and AH-MPs were prepared as described previously (Ruwona et al., 2016). Briefly, 

the Aluminum Hydroxide Nanopowder was slowly added into warm water while stirring. 

The suspension was probe-sonicated and spun at 1000 rcf for 10 min. The supernatant was 

probe-sonicated repeatedly and spun down again at 1000 rcf for 10 min. The resultant 

supernatant in suspension was stabilized by adding polyvinylpyrrolidone (1%, w/v) and used 

as nanoparticles (AH-NPs). The sediment was re-suspended and used as microparticles 

(AH-NPs) in subsequent studies.

The AH-NPs and AH-MPs were examined using an FEI Tecnai Transmission Electron 

Microscope (TEM) available in the Institute for Cellular and Molecular Biology (ICMB) 

Microscopy and Imaging Facility at The University of Texas at Austin. Carbon- coated 400-

mesh grids were activated for 1–2 min. One drop of the particle suspension was deposited on 

the grids and incubated for 2 min at room temperature. The grids were washed with water 

and air-dried for 1 min. Extra water was removed using filter paper and allowed to air-dry 

for 15 min before observation (Li et al., 2014). The size of the particles was estimated based 

on randomly selected particles from the TEM micrographs. The aluminum contents in the 

AH-NPs and AH-MPs preparations were determined using a Varian 710-ES Inductively 

Coupled Plasma-Optical Emission Spectrometer (ICP-OES) in the Civil Architectural and 

Environmental Engineering Department at The University of Texas at Austin. XRD analysis 

of the AH-NPs and AH-MPs in powder was performed using an R-Axis Spider with a Cu 

sealed tube source with a large, image plate detector (Rigaku, The Woodlands, TX) in the 

Chemical Engineering Department at The University of Texas at Austin. The particles were 

lyophilized into powder before XRD analysis. All XRD patterns were collected with a step 

size of 0.01 and counting time of 1 s per step over a 2θ range of 10 to 80.

2.3 MTT assay and quantification of uric acid in cell culture medium

Mouse J774A.1 macrophage cells were grown in DMEM supplemented with 10% FBS 

(v/v), 100 U/mL of penicillin and 100 μg/mL of streptomycin. MTT assay was used to 
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determine J774A.1 cell viability after the cells (2500 cells/well) were cultured with AH-NPs 

or AH-MPs (aluminum content, 173 μg/well) for 72 h. Briefly, 20 μL of MTT reagent (5 

mg/mL) was added to the wells and incubated at 37° C in the dark for 3–4 h. Two hundred 

microliters (200 μL) of dimethyl sulfoxide was added into each well and incubated for an 

additional 15 min to solubilize the MTT-formazan product. Absorbance was measured at 

570 nm. A cell viability of greater than 90% was considered non-toxic. Triton X-100 

(0.001%, v/v) was used as a positive control.

To determine uric acid production, J774A.1 cells were incubated with the AH-NPs or AH-

MPs as mentioned above, and uric acid concentration in the cell culture medium was 

determined using a Sigma-Aldrich uric acid assay kit following the manufacturer’s 

instructions.

2.4 Animal study

The animal study was conducted following the U.S. National Research Council Guidelines 

for Care and Use of Laboratory Animals. Animal protocol was approved by the Institutional 

Animal Care and Use Committee at The University of Texas at Austin. Female BALB/c 

mice (18–20 g, Charles River Laboratories, Wilmington, MA) were injected 

intraperitoneally (i.p.) with OVA-adsorbed AH-NPs (6 mice) or OVA-adsorbed AH-MPs (5 

mice), both in a 0.9% sterile NaCl solution. The dose of aluminum was 263 μg per mouse, 

and the dose of OVA was 10 μg per mouse. As controls, mice were injected with a sterile 

0.9% NaCl (5 mice) solution or OVA adsorbed on Alhydrogel® (aluminum, 263 μg; OVA, 

10 μg). Peritoneal lavage was collected 6 h later. Uric acid level in the lavage sample was 

determined using the Amplex® red uric acid assay kit following the manufacturer’s 

instructions.

2.5 Statistical analysis

Statistical analyses were completed by performing two-tailed Student’s t-test for two-group 

analysis or one-way ANOVA followed by Tukey’s post hoc analysis for multiple group 

comparisons (GraphPad Prism 7 software, La Jolla, CA). A p value of ≤ 0.05 (two-tail) was 

considered significant.

3. Results and discussion

Previously, we and others have shown that the adjuvant activity of aluminum salt 

nanoparticles is significantly stronger than microparticles (Sun et al., 2013, Li et al., 2014, 

Ruwona et al., 2016, Li et al., 2017). We further provided evidence that the stronger adjuvant 

activity of the aluminum salt nanoparticles are related to the nanoparticle’s stronger ability 

to activiate NLRP3 inflammasome, likely because of the increased uptake of the 

nanoparticles by phagocytic cells such as macrophages, as compared to the microparticles, 

leading to increased lysosomal damage and rupture (Ruwona et al., 2016). Previously, Kool 

and colleagues provided evidence of an indirect pathway to inflammasome activation by 

extracellular uric acid crystals produced by damaged or dying cells caused by the 

cytotoxicity of aluminum salts (Kool et al., 2008b). They showed that the 

immunopotentiating effect of Imject™ Alum, a preparation that contains aluminum 
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hydroxide and magnesium hydroxide, depends on its stimulation of uric acid in a mouse 

model. They found a significantly increased level of uric acid in the peritoneal lavage of 

mice that were i.p. injected with OVA-adsorbed Imject™ Alum (1 mg aluminim hydroxide 

per mouse). Importantly, degradation of uric acid by pretreating mice with uricase abolished 

OVA-specific CD4+ T cell priming, although the effect of the uricase pretreatment on 

specific antibody response was not reported (Kool et al., 2008b). Therefore, we hypothesize 

that the stronger adjuvant activity of aluminum (oxy)hydroxide nanoparticles (AH-NPs), 

relative to aluminum (oxy)hydroxide microparticles (AH-MPs), is also related to the 

difference in their ability to stimulate uric acid, and the present study was designed to test 

the hypothesis.

AH-MPs and AH-NPs were prepared from same aluminum (oxy)hydroxide aqueous 

suspension by centrifugation as described previously (Ruwona et al., 2016). Representative 

TEM images of the AH-NPs and AH-MPs are shown in Fig. 1A. Shown in Fig. 1B are 

representative particle size distribution curves of the AH-NPs and AH-MPs. The majority of 

the AH-NPs were below 100 nm in diameter, whereas the median diameter of the AH-MPs 

(i.e., X50) was 9.43 μm, with X10 and X90 values of 1.69 μm and 17.74 μm respectively (Fig. 

1B). XRD analysis showed that the AH-NPs and AH-MPs have identical characteristic 

peaks, indicating that they have similar compositions and crystallinities (Fig. 1C). 

Characterisities (Fig. 1C). Characteristic peaks of boehmite (aluminum oxyhydroxide 

(AlOOH)), based on the XRD spectra of the Joint Committee on Powder Diffraction 

Standards (PDF No. 00–021-1307), are labeled for both samples. The particles were mainly 

amorphous due to the huge characteristic peak in the 2Θ range of 10–25, but they also 

contain some crystalline boehmite (Figure 1C) (Li et al., 2017).

To test whether the AH-NPs and AH-MPs are different in their abilities to induce uric acid 

production by cells in culture, J774A.1 mouse macrophages were incubated with AH-NPs or 

AH-MPs for 72 h, and uric acid levels in cell culture medium were measured. The 

macrophage cell line was chosen due to their known ability to engulf particles, although the 

damage or death of other cells induced by aluminum salts is expected to release the danger 

signal uric acid as well. As shown in Fig 2A, AH-NPs induced uric acid production, whereas 

the same concentration of AH-MPs did not. Fig. 2B shows the cytotoxicities of AH-NPs and 

AH-MPs to J774A.1 cells after 72 h of incubation at the same concetration as in Fig. 2A. It 

appears that the AH-NPs induced cell death, whereas the AH-MPs at the same aluminum 

concentration did not cause any significant cell death (i.e., 71% vs. 100% survival, p < 

0.0001). Cell death or damage causes the release of the endogeneous danger signals such as 

uric acid, explaining why incubation of J774A.1 cells with AH-NPs caused the release of 

uric acid in cell culture medium, but incubation of same number of cells with the AH-MPs at 

the same aluminum concentration did not (Fig. 2A). It is possible that at higher 

concentrations and a prolonged incubation time period, the AH-MPs may be able to induce 

cell damage or death and thus uric acid release.

To evaluate and compare the AH-NPs and AH-MPs on their abilities to induce uric acid 

production in vivo, AH-NPs and AH-MPs were surface-adsorbed with OVA as a model 

antigen because for immunization, aluminum salts are not injected without an antigen in 
vivo. Kool and colleagues injected mice with Imject™ Alum adsorbed with OVA in their 
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study leading to the discovery that aluminum salt adjuvants boost adaptive immunity by 

inducing uric acid in a mouse model (Kool et al., 2008b). As shown in Fig. 2C, i.p. injection 

of BALB/c mice with OVA-adsorbed AH-NPs increased uric acid level in the peritoneal 

lavage of mice, as compared to that in mice i.p. injected with normal saline. However, i.p. 

injection of OVA-adsorbed AH-MPs did not increase uric acid production as compared to 

i.p. injection of normal saline (Fig. 2C), indicating that the potent vaccine adjuvant activity 

of the AH-NPs may be at least in part due to their stronger ability to induce uric acid.

It was unexpected, however, that our AH-MPs at the concentration or dose tested did not 

cause significant uric acid release in cell culture and in the mouse model (Fig. 2A, C). 

Imject™ Alum, which contains mainly microparticles (X10, 0.96 μm; X50, 3.24 μm; and 

X90, 11.64 μm, Fig. 3A), were reported to induce significant local uric acid production after 

OVA-adsorbed Imject™ Alum was i.p. injected into mice (Kool et al., 2008b). Of course, the 

dose the Imject™ Alum in Kool et al’s study was 1 mg per mouse (i.e. 1 mg aluminum 

hydroxide or 0.346 mg aluminum), whereas the dose of aluminum in the present study was 

0.263 mg per mouse. Moreover, our AH-MPs (i.e., X10, 1.69 μm; Χ50, 943 μm; and Χ90, 17–

74 μm, Fig. 1(Α)) were generally larger than the particles in the Imject™ Alum (e.g. the X50 

is ~3-fold larger). Differences in the composition, particle size and size distribution, and 

dose between the Imject™ Alum and our AH-MPs may be responsible for their ability, or 

lack of ability, to induce uric acid release.

In fact, we also tested Alhydrogel®’s ability to induce uric acid release in vivo. 
Intraperitoneal injection of mice with Alhydrogel® (i.e., X10, 0.67 μm; X50, 1.67 μm; and 

X90, 29.21 μm, Fig. 3B) at an aluminum dose identical to our AH-MPs, and adsorbed with 

OVA, significantly increased the uric acid level in the peritoneal lavage of the mice, as 

compared to injection of normal saline (Fig. 3C). Alhydrogel® and our AH-MPs are both 

mainly aluminum oxyhydroxide in composition, although Alhydrogel® has moderately high 

crystallinity (Li et al., 2017), whereas our AH-MPs are mainly amorphous (Fig. 1C) (Li et 

al., 2017). Therefore, it is likely that the particle size and size distribution of aluminum salts 

significantly affect their ability to induce uric acid production. It is also possible that the 

smaller aluminum salt particles in Alhydrogel® and Imject™ Alum, although not as small 

as the particles in our AH-NPs, can effectively induce uric acid production, whereas those 

relatively larger aluminum salts, especially the very larger ones in our AH-MPs (i.e. X50 = 

9.43 μm), cannot. Very large aluminum salt particles such as the ones with a diameter ≥ 10 

μm may be too large for cells to readily engulf them, preventing them from causing cell 

damage or death and inducing uric acid production. The reported average size of the rat 

alveolar macrophages is around 13 μm (Haley et al., 1991, Sebring and Lehnert, 1992, 

Krombach et al., 1997). We have measured the size of the J774A.1 mouse macrophage cells 

under microscope and found it to be 16.90 ± 2.47 μm (n = 50 cells). There are reports of 

macrophage uptake of particles larger than themselves, but the majority of the particles in 

our AH-MPs may be too large to be effectively taken up by mouse DCs or macrophages. 

Flach et al. (2011) even reported that mouse DC2.4 cells and human DCs differentiated from 

THP-1 cells did not internalize aluminum salt particles of ~5 μm (Flach et al., 2011). 

Instead, those particles induced abortive phagocytosis (Flach et al., 2011). Therefore, it is 

not unreasonable to hypothesize that the mechanisms by which smaller aluminum salt 

particles and larger ones potentiate immune responses may be different (e.g. smaller vs 
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larger than 4 μm (Fig. 3D)). It is possible that uric acid release may play a more important 

role in the adjuvant activity of smaller aluminum salt particles than the larger particles in 

traditional aluminum salt adjuvant such as Alhydrogel®. Of course, it is possible that large 

aluminum salt particles at higher concentrations and prolonged incubation time may cause 

cell damage and death and could in turn induce uric acid production as well.

In conclusion, the potent adjuvant activity of the aluminum (oxy)hydroxide nanoparticles is 

likely related to them being more effective than large aluminum (oxy)hydroxide 

microparticles in inducing endogenous danger signals such as uric acid. In traditional 

insoluble aluminum salt-based vaccine adjuvants, the mechanisms by which the relatively 

smaller particles potentiate immune responses may be different from the relatively larger 

ones.
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Figure 1: 
Physicochemical characterization of aluminum (oxy)hydroxide nanoparticles and 

microparticles. (A) Representative TEM images of AH-NPs and AH-MPs. (B) 
Representative particle size and size distribution profiles of AH-NPs and AH-MPs as 

determined using dynamic light scattering and laser diffraction, respectively. (C) XRD 

patterns of the AH-MPs and AH-NPs.
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Figure 2: 
Cytotoxicity and induction of uric acid by AH-NPs and AH-MPs. (A) J774A.1 cells were 

incubated with AH-NPs or AH-MPs for 72 h, and the uric acid level in culture medium was 

determined. Data shown are mean ± SEM (n = 5 – 6). * p < 0.001 vs AH-MPs. (B) J774A.1 

cells were incubated with AH-NPs or AH-MPs for 72 h, and cell viability was measured. 

Triton X-100 was used as a positive control (* p < 0.0001, vs. AH-MPs). (In A-B, the 

number of J774A.1 cells were 2500 cells/well, and the aluminum concentration was 173 μg/

well. (C) Uric acid levels in the peritoneal lavage of in BALB/c mice intraperitoneally 
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injected with AH-NPs or AH-MPs. Mice were i.p. injected with AH-NPs, AH-MPs, or 

normal saline, and after 6 h, the uric acid level was measured in the peritoneal lavage. AH-

NPs and AH-MPs were surface-adsorbed with OVA (Aluminum, 263 μg/mouse; OVA 10 μg/

mouse). Data shown are mean ± SEM (n = 5 – 6). * p < 0.005 vs. AH-MPs.
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Figure 3: 
(A-B) Representative particle size and size distribution profiles of Alhydrogel® (A) and 

Imject™ Alum (B), respectively, as determined by laser diffraction. (C) Uric acid induction 

by Alhydrogel®. BALB/c mice were i.p. injected with OVA- adsorbed Alhydrogel 

(Aluminum, 263 μg/mouse; OVA 10 μg/mouse) or normal saline. Uric acid level was 

determined in the peritoneal lavage after 6 h. Data shown are mean ± SEM (n = 5). * p < 
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0.0005 vs. normal saline. (D) An overlay of the particle size distribution curves of AH-NPs, 

AH-MPs, Imject™ Alum, and Alhydrogel®.
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