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Subunit vaccines often contain colloidal aluminum salt—based adjuvants to activate the innate immune
system. These aluminum salts consist of micrometer-sized aggregates. It is well-known that particle size
affects the adjuvant effect of particulate adjuvants. In this study, the activation of human monocytes by
hexagonal-shaped gibbsite (& = 210 + 40 nm) and rod-shaped boehmite (¢ = 83 + 827 nm) was compared
with classical aluminum oxyhydroxide adjuvant (alum). To this end, human primary monocytes were
cultured in the presence of alum, gibbsite, or boehmite. The transcriptome and proteome of the monocytes

I;?/r\;lvords: were investigated by using quantitative polymerase chain reaction and mass spectrometry. Human
aluminum hydroxide monocytic THP-1 cells were used to investigate the effect of the particles on cellular maturation, differ-
colloids entiation, activation, and cytokine secretion, as measured by flow cytometry and enzyme-linked immu-
g?;?;ﬁﬁiiesmnses nosorbent assay. Each particle type resulted in a specific gene expression profile. IL-18 and IL-6 secretion

was significantly upregulated by boehmite and alum. Of the 7 surface markers investigated, only CD80 was

significantly upregulated by alum and none by gibbsite or boehmite. Gibbsite hardly activated the

monocytes. Boehmite activated human primary monocytes equally to alum, but induced a much milder

stress-related response. Therefore, boehmite was identified as a promising adjuvant candidate.

© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

vaccine adjuvants

Introduction

Many prophylactic vaccines contain colloidal aluminum salt-
based adjuvants, which enhance the immune response after vacci-
nation. Colloidal aluminum salt-based adjuvants promote the acti-
vation and maturation of antigen-presenting cells (APCs), which
have a key role in the activation of the adaptive immune system.!
Traditionally, these adjuvants consist of aluminum salts that form
aggregates of 0.5-10 pm on dispersion in water.” However,
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nanoparticles can also be formed of aluminum salts and may be
favorable compared to the traditional adjuvants.>* For example, the
antigen-specific antibody response in mice was stronger when
adsorbing ovalbumin and Bacillus anthracis antigens to nano-
particles of aluminum hydroxide than when adsorbing the antigens
to microparticles.” In addition, the size of aluminum oxyhydroxide
nanorods was positively related to the adaptive humoral immune
response when using ovalbumin as model antigen. Moreover,
aluminum (oxy)hydroxide nanoparticles induced higher levels of
uric acid compared to microparticles both in vitro and in vivo.® Be-
sides particle size, particle shape may affect the immune-
stimulating properties of particulate adjuvants.” For instance, rod-
shaped nanoparticles were more potent adjuvants compared to
plates and polyhedra.® Thus, aluminum salt-based based nano-
particles may have stronger adjuvant effect than aluminum salt-
based microparticles.
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Most studies address the immune response against an antigen
formulated with aluminum salt-based particles. However, little is
known about the intrinsic capacity of these particles to activate the
innate immune system. Monocytes play an important role in the
onset of an immune response.”! The activation of monocytes
induced by adjuvants can be studied by analyzing the protein and
gene expression. For example, the secretome of human monocytes
incubated in vitro with Adju-Phos®, monophosphoryl lipid A or
R848 in absence of an antigen was studied with mass spectrom-
etry.!! In the same study, incubation of monocytes with complete
vaccines, that is, formulations containing antigen, was investigated.
Each adjuvant induced a distinct secretome profile in monocytes.
The response to vaccines (antigen and adjuvant) was similar to the
response to the adjuvants alone. In addition, molecular responses of
MF59, CpG, and aluminum hydroxide have been analyzed at the site
of injection in murine muscle cells without the presence of an an-
tigen.'? All adjuvants modulated the gene cluster “adjuvant core
response gene,” resulting in upregulation of gene expression of cy-
tokines, chemokines, and adhesion molecules. Local responses were
activated the most by MF59, as demonstrated by increased expres-
sion of genes encoding proinflammatory cytokines. CpG induced the
strongest systemic responses as demonstrated by increased cyto-
kine concentrations in sera.'? Transcriptome and proteome analyses
may thus help to unravel the molecular mechanisms of adjuvants.

In this study, the effects of 2 experimental colloidal aluminum
salts, that is, gibbsite (aluminum hydroxide) and boehmite
(aluminum oxyhydroxide), on the activation and response of human
monocytes was studied. These colloidal aluminum salts may be
suitable vaccine adjuvant. Besides chemical differences, gibbsite and
boehmite also differ in the specific surface area. Gibbsite has a
relatively low specific surface area of 76 m?/g as compared to
boehmite (514 m?%/g).>'* To investigate the effect of colloidal
aluminum salt—based adjuvants on the activation of human
monocytes, we used a multiomics approach, by analyzing both
protein and mRNA expression profiles in adjuvant-exposed human
monocytes. Human monocytes have been shown to be a suitable
in vitro model for this purpose.! The in vitro cellular responses
caused by gibbsite and boehmite were compared to those induced
by a commercially available micrometer-sized aluminum oxy-
hydroxide adjuvant, further referred to as alum, which consists of
aggregated rod-shaped nanoparticles with average dimensions of
4.5 x 2.2 x 10 nm."” The collective results demonstrate that gibbsite,
boehmite, and alum differently activate human monocytes, which
are involved in the induction of the innate immune response.

Materials and Methods
Materials

Alum (Alhydrogel® 2%, batch 5240) was purchased from
Brenntag Biosector (Frederikssund, Denmark). Aluminum-iso-
propoxide and aluminum-sec-butoxide were purchased from
Sigma-Aldrich.

Synthesis of Gibbsite and Boehmite

Gibbsite and boehmite were synthesized as described previ-
ously.'*'®17 Briefly, 80 mM aluminum-iso-propoxide was mixed
with 80 mM aluminum-sec-butoxide in 90 mM HCI in water. The
solution was stirred for 10 days. After hydrothermal treatment at
150°C (boehmite nanoparticles) or 85°C (gibbsite nanoparticles) for
36 h, the suspension was dialyzed against ultrapure water (Milli-Q,
resistivity = 18.2 MQ.cm, total organic carbon <5 ppb) using dial-
ysis cassettes with a cutoff of 10 kDa for at least 14 days. During this
procedure, the dialysate was replaced at least 8 times. Suspensions

were autoclaved and stored at room temperature. Autoclaving had
no effects on particle shape, size, and charge (data not shown).

The quantification of A’* ions in gibbsite and boehmite was
performed using a colorimetric assay. Standards were prepared by
diluting 150 uM AICI3 in 6 M KOH, so that the final range of the
calibration line was 0-15 pM AI**. Samples were also diluted in 6 M
KOH so that the maximum concentration AI>* was not higher than
0.85 mM. Samples and standards were heated at 100°C for 60 min
to dissolve aluminum salts. After cooling to room temperature,
standards, and samples were diluted in 1 M sodium acetate buffer
pH 5.5 to an expected final concentration between 0.1 and 8.5 nM
AP+ Fifty pL of each sample or standard was added to a transparent
polystyrene flat-bottom 96-wells plate (Greiner Bio-One) in tripli-
cate. To each well, 50 pL of 12 mM dodecyltrimethylammonium
bromide, 50 pL of 600 uM eriochrome cyanide R and 50 pL of 1 M
sodium acetate buffer pH 5.5 was added. The plate was incubated
on a plate shaker at 600 rpm at RT for 15 min. The absorbance was
determined at 584 nm by using a SynergyMx reader (BioTek).
Aluminum concentrations in samples were calculated to be 6.0 mg
AP*/mL for gibbsite and 3.1 mg A**/mL for boehmite based on the
standard curve using Gentech 5 software (BioTek).

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed by us-
ing a Philips Tecnai 10 electron microscope, typically operating at
100 kV. The samples were prepared by drying a drop of diluted,
aqueous particle dispersion on top of polymer-coated copper grids.
For gibbsite and boehmite, the dimensions of at least 100 particles
were determined with AnalySIS Pro imaging software. Both the
number-averaged length and width and standard deviations of
boehmite were measured. The diameter and standard deviation of
gibbsite were calculated by averaging the measurements of the 3
opposing corners per particle.

Dynamic Light Scattering

The hydrodynamic diameter was measured by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd.).
Sixty pL of each sample containing 125 pg/mL A3+ (alum), 750 pg/
mL AP (gibbsite) or 386 pug/mL AI** (boehmite) in 1 mM NaCl or in
cell culture medium, was measured in single-use polystyrene UV
micro cuvettes (BRAND®). The Dispersion Technology Software
(version 7.11) was used for collection and analysis of the data. Each
sample was measured at 25°C in triplicate with an automatic
attenuator. The number of runs and the measurement duration
were automatically optimized by the software.

Laser-Doppler Electrophoresis

The electrophoretic mobility was measured by using a Zetasizer
Nano ZS. Folded capillary cells (DTS1070; Malvern Instruments Ltd.)
were filled with 800 pL sample containing 1.2 mg/mL A" diluted in
1 mM NaCl or in cell culture medium. The Dispersion Technology
Software (version 7.11) was used for collection and analysis of the
data. Zeta potential values were calculated according to the Smo-
luchowski equation. Each sample was measured at 25°C in triplicate
with an automatic attenuator. The number of runs and the mea-
surement duration were automatically optimized by the software.

Culture of Primary Monocytes
The human monocyte study was conducted according to the

principles expressed in the Declaration of Helsinki. All blood donors
gave written-informed consent before collection and use of their
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samples. All blood donations, provided by the Dutch National
Institute for Public Health and the Environment (RIVM, Bilthoven,
the Netherlands) were specifically donated for primary cell isola-
tion. This research goal was explicitly approved by the accredited
Medical Ethical Committee (Medisch Ethische Toetsingscommissie),
Noord-Holland in the Netherlands. All blood samples were pro-
cessed anonymously.

Fresh peripheral blood was collected from healthy volunteers
and collected in heparin-coated tubes. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from whole blood using Ficoll®
density centrifugation at 1000 x g for 30 min. Monocytes were
isolated by positive selection using CD14 microbeads and a mag-
netic LS MACS column (Miltenyi Biotech). Monocytes (>95% purity)
were cultured at 400,000 cells/well in 24-wells plates in cell culture
medium (Roswell Park Memorial Institute Media 1640 (RPMI)
containing 10% (v/v) fetal calf serum (Serana), 100 units/mL peni-
cillin, 100 pg/mL streptomycin and 0.3 pg/mL t-glutamine) in the
presence of alum, gibbsite or boehmite (each at a concentration of
10 pg/mL AI>*) or were left unstimulated for 6, 24, or 48 h.

Cell viability was determined by flow cytometry. To this end,
primary monocytes were washed twice with fluorescence-acti-
vated cell sorting (FACS) buffer (0.5% (w/v) bovine serum albumin
and 0.5 mM ethylenediaminetetraacetic acid in phosphate-buffered
saline [PBS, 1.06 mM KH;POy4, 155 mM Nacl, 2.97 mM Na;HPO4, pH
7.2]) by centrifugation at 300 x g for 3 min. After centrifugation,
pellets were resuspended in 100 pL FACS buffer containing fixable
viability stain 780 in a 1:2000 dilution. Cells were incubated at 4°C
for 30 min. After staining, cells were washed with FACS buffer and
resuspended in 150 pL FACS buffer. Cell populations were analyzed
by flow cytometry using Attune NxT (ThermoFisher Scientific).
Attune™ NXT Software V2.6 was used for data collection. Samples
were analyzed by using Flow]Jo software, version 10.2 (Treestar).

Culture of THP-1 Cells

Human THP-1 cells were grown in cell culture medium at 37°C
with 5% CO,. Cells were primed overnight with 300 ng/mL phorbol
myristate acetate (InvivoGen) in a 96-wells plate containing 100,000
cells/well in a total volume of 200 uL/well. After priming, cells were
washed 3 times with cell culture medium by centrifugation at 300 x g
for 5 min. The supernatant was discarded and alum, gibbsite, or
boehmite was added at a final concentration of 0.1 mg/mL AP+ in the
presence of 2.5 ng/mL LPS in culture medium in a total volume of 200
uL/well. LPS was also added to the control wells. Cells were incubated
at 37°C with 5% CO, for 24 h and centrifuged at 300 x g for 5 min.
Supernatants (170 pL/well) were stored at —20°C until further use.
Cells were immediately processed for surface marker analysis. To this
end, monocytes were washed twice with FACS buffer by centrifuga-
tion at 300 x g for 3 min. After centrifugation, pellets were resus-
pended in 100 pL FACS buffer containing antibody-fluorochrome
conjugates CD83-APC (HB15E), CD40-BV711 (5C3), CD86-BV510
(FUN-1), CD14-PE (H5E2), CD11c-BV421 (B-ly6/3.9), CD80-BB515
(L307.4), or HLA-DR-PerCP (L243) in a 1:20 dilution and fixable
viability stain 780 in a 1:2000 dilution. Cells were incubated at 4°C for
30 min. After staining, cells were washed with FACS buffer and
resuspended in 150 pL FACS buffer. Cell populations were analyzed by
flow cytometry using Attune NxT (ThermoFisher Scientific). Attune™
NxT Software V2.6 was used for data collection. Samples were
analyzed by using Flow]o software, version 10.2 (Treestar). The gating
strategy can be observed in Supplementary Figure S1.

Cytokine Secretion

Cytokine (IL-18 [Ready-SET-Go!, e Bioscience], IL-4, IL-6, IL-10,
IL-17A [uncoated Kkits, all from Thermo Fisher Scientific] and IL-18

[matched antibody pair, Thermo fisher Scientific]) concentrations
were measured in the culture supernatants of primary monocytes
and THP-1 cells by using ELISA kits according to the manufacturer’s
instructions. The light absorbance was determined at 450 nm by
using a SynergyMx reader (BioTek). Cytokine concentrations in
samples were calculated based on the standard curves by using
Gentech 5 software (BioTek).

mRNA Expression

The levels of mRNA expressed by 89 genes which are involved in
innate and adaptive immunity and 7 controls were determined.
Monocytes were lysed with RLT buffer (Qiagen). Subsequently, mRNA
was extracted using the RNeasy mini kit (Qiagen), according to the
manufacturer’s animal cell spin protocol. RNA purity and concentra-
tion were determined on a SynergyMX (BioTek) plate reader (UV 260
nm and 280 nm). Depending on the amount of mRNA available, 10 or
12 ng of cDNA was synthesized. Each sample was normalized to an
unstimulated control with the same amount of cDNA. The cDNA was
synthesized by using the RT cDNA synthesis kit and the RT preAMP
Pathway primer mix “Innate and Adaptive immunity” (Qiagen) ac-
cording to the manufacturer’s protocol. cDNA was stored at —20°C.

Subsequently, quantitative polymerase chain reaction analysis
(Roche light cycler 96) was performed with “Innate and Adaptive
Immune response RT2 profiler arrays” (Qiagen), comprising 84
functional genes, 5 housekeeping genes and 7 controls, both posi-
tive and negative, for determining the reliability of the experi-
ments. A melt curve determination was performed as quality
control for binding of the primer to the sample.

The polymerase chain reaction array contained 5 housekeeping
genes (ACTB, B2M, GAPDH, HPRT1, and RPLPO). The 4 most stable
housekeeping genes were used in the calculations (B2M, GAPDH,
HPRT1, and RPLPO after 6 h of incubation; ACTB, B2M, HPRT1, and
RPLPO after 24 h of incubation). The Ct values, representing the
number of cycles that was needed to obtain a fluorescence above
that of the threshold, of these 4 genes were averaged resulting in a
general housekeeping gene value. This general housekeeping gene
value was used for normalization of the target gene expression value
of each gene, which is expressed as ACt. Target gene expressions of
stimulated monocytes were normalized to unstimulated control and
is expressed as AACt (Supplementary Table S2). Expression changes
for 3 donors were compared and genes that showed a twofold in-
crease or decrease in at least 2 of 3 biological replicates were
considered differentially expressed. For these genes the median
values across the 3 biological replicates were visualized as a heatmap
combined with hierarchical clustering (Euclidean distance, Ward.D
linkage) by using R statistical software (version 3.4.0).

Isolation, Digestion, and Labeling of Proteins

Cells were centrifuged at 300 x g for 5 min and washed twice
with 500 puL of ice-cold PBS. Cell lysis, total protein analysis, and
digestion were performed as described previously."'®

Of the digested protein samples from the 8 incubation condi-
tions per donor (culture medium, alum, gibbsite, and boehmite,
each after 24 and 48 h of incubation), the protein content was
normalized and diluted in 100 mM phosphate buffer pH 7.5. Sam-
ples were desalted by using C18 Solid Phase Extraction (Waters)
according to the manufacturer’s protocol and dried by centrifuga-
tion under reduced pressure. The samples were labeled per con-
dition by using tandem mass tag labeling-10plex (TMT(10)),
(Thermo Fisher Scientific), pooled and dried by centrifugation un-
der reduced pressure. Subsequently, samples were dissolved in
ultrapure water with 5% (v/v) DMSO and 0.1% (v/v) formic acid for
proteome analysis.
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Liquid Chromatography—Mass Spectrometry Analysis

Peptide separation by reversed phase liquid
chromatography—mass spectrometry and tandem mass spec-
trometry was performed on an Agilent 1290 Infinity system (Santa
Clara). Peptides were trapped on a fritted trapping reversed-phase
chromatography column Reprosil-Pur C18-AQ, df = 5 um, 2 cm L x
100 um L.D. (Dr. Maisch), made in-house and separated on an in-
house packed reversed-phase analytical column (Reprosil-Pur
C18-AQ, df = 3 um, 30 cm L x 50 pm L.D., Dr. Maisch). Solvent A was
0.1% (v/v) formic acid in ultrapure water and solvent B was 0.1% (v/
v) formic acid in acetonitrile (Biosolve). The peptides were sepa-
rated in 195 min at a column flow rate of 125 nL/min in a nonlinear
gradient (15 min at 0% B, a gradient of 160 min from 0% to 30% B, a
15 min gradient to 45% B and 5 min at 65% B) optimized as
described by Moruz et al.'® The column effluent was electrosprayed
directly into the mass spectrometer by using a gold-coated fused
silica tip of 3.5-um, with a spray voltage of 2.1 kV.

Mass spectrometric data were acquired on a Tribrid-Orbitrap
Fusion Lumos (Thermo Fisher Scientific). The full scan (MS1) spectra
were acquired with a scan mass range of 350-1500 m/z at 120,000
resolution (FWHM) with an Orbitrap readout. For the MS], the
automatic gain control (AGC) was set to 400,000 and the maximum
injection time was 50 ms. Top speed mode was chosen with a duration
of 3 s where precursor ions with an intensity >5000 were selected for
fragmentation (MS2). Charge states between 2 and 7 were selected for
MS2, which was performed by using collision-induced dissociation in
the linear ion trap with a normalized collision energy of 35%. In MS2,
the AGC was set to 10,000 and the maximum injection time was
100 ms. Synchronous precursor selection was enabled to include up to
5 MS2 fragment ions for MS3. These fragment ions were further
fragmented by higher energy collision dissociation with a normalized
collision energy of 60%. The TMT reporter ions were analyzed in the
Orbitrap analyzer, the AGC was set to 100,000 and the maximum
injection time was set to 240 ms.

Proteomics data were analyzed with Proteome Discoverer 2.1
(Thermo Fisher Scientific); unless stated otherwise, default settings
were used. Precursor mass tolerance was set to 5 ppm. MS2 scans
were searched against the human UniProt database of November
2014, containing 23,048 entries, by using the Sequest HT search
engine with a full enzyme specificity for Lys-C as described previ-
ously.! The quantification node was used to obtain relative
expression values, where TMT(10) was defined as the quantifica-
tion method, with an integration tolerance of 0.2 Da. Cite Percolator
was used to filter the peptide-to-spectrum mass with a false dis-
covery rate of <5%. Next, data were normalized by performing a
median correction. Data of 3 biological replicates were compared,
proteins that were upregulated or downregulated by 1.5-fold or
more compared to control, in at least 2 of 3 replicates were
considered significantly regulated as described previously.! The
regulated proteins were imported in STRING (string.embl.de) to
identify enriched pathways (false discovery rate<0.05) within
functional annotations provided by Gene Ontology biological pro-
cesses and Kyoto Encyclopedia of Genes and Genomes pathways.

Results
Particle Characterization

The effects of aluminum salt—based particles on monocytes were
investigated by using 2 experimental aluminum salts, that is, gibb-
site and boehmite, and alum. Primary particles of alum and
boehmite are rod-shaped, whereas gibbsite consisted of hexagonal
nanoparticles, as confirmed by TEM analysis (Fig. 1). Primary rod-
shaped particles of alum form aggregates of 2-12 um.?® According

p— 200 NmM

p—a 200 NM

Figure 1. Representative TEM images of gibbsite nanoparticles (a), boehmite nano-
particles (b), and alum (c). The inserted images show a more detailed shape of the
particles.
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to TEM analysis, individual gibbsite particles had an average diam-
eter of 210 + 40 nm, whereas individual boehmite rods had a length
of 83 + 27 nm and a width of 22 + 3 nm. The 3 aluminum salts were
dispersed in ultrapure water to estimate the aggregation of the
primary particles on dispersion. Components that are present dur-
ing cell culture, such as salts and proteins, may influence the size and
zeta potential of the particles. Therefore, the 3 aluminum salts were
also dispersed in culture medium. In ultrapure water, alum con-
sisted of particles with a hydrodynamic diameter of 744 + 5 nm and
a polydispersity index (PdI) of 0.162 + 0.074. The hydrodynamic
diameter of dispersed gibbsite and boehmite was 155 + 2 and 502 +
13 nm with a PdI of 0.085 + 0.023 and 0.234 + 0.017, respectively
(Table 1). The hydrodynamic diameter of gibbsite and boehmite
increased to 1467 + 188 and 1110 + 120 nm with a corresponding PdI
of 0.564 + 0.046 and 0.427 + 0.083, respectively (Table 1). The hy-
drodynamic diameter of alum decreased to 583 + 5 with a corre-
sponding Pdl of 0.72 + 0.037 in culture medium. The zeta potential of
the 3 aluminum salt-based particles in ultrapure water varied from
12 to 53 mV (Table 1). The zeta potential of all types of particles was
reduced to —9 mV on dispersion in culture medium. This can be
attributed to the presence of salts and proteins in the culture me-
dium, altering the ionic strength of the dispersion and potentially
leading to protein adsorption to the particles.

Gene Expression

Human primary monocytes were incubated with each of the
aluminum salts. Cell viability was not affected by any of the
colloidal aluminum salts (data not shown). The effects on expres-
sion of 89 genes related to the innate and adaptive immune
response were assessed after 6 and 24 h of incubation. After 6 h,
monocytes incubated with alum showed altered expression of 34
genes. Of these genes, 32 genes were upregulated and 2 genes were
downregulated (Supplementary Table S1). Incubation with gibbsite
or boehmite affected smaller numbers of genes. Gibbsite altered the
expression of 14 genes (13 up and 1 down) and boehmite altered
the expression of 9 genes (8 up and 1 down) (Fig. 2a and
Supplementary Table S1). Incubation with each of the 3 aluminum
salts increased the expression of IFNa and IFNS (both proin-
flammatory cytokines), APCS (an acute phase-related gene), and IL-
4 (a Th2-polarizing cytokine) (Fig. 2a). Alum increased the gene
expression of HLA-A, IL-2, IL-6, and IL-17A (the latter 3 are proin-
flammatory cytokines) and the cell surface marker CD8A (related to
an inflammatory response and coactivation of FcyR).?! Incubation
of monocytes with gibbsite induced increased mRNA levels of CD4
(associated with the differentiation to functional macrophages)?
and TICAM1 (involved in TLR-mediated interferon regulatory fac-
tor signaling). Both gibbsite and alum induced upregulation of
expression of several genes, including IL-5 (Th2 signatory cytokine)
and IFNy (Th1 signatory cytokine) (Fig. 2a). Boehmite activated
CSF2 (related to the proliferation of monocyte-derived proin-
flammatory macrophages)?> and CCR6 (a receptor for CCL20, pre-
sent on dendritic cells [DCs] and effector/memory B and T cells).
Based on these data, the gene expression profiles of alum and

Table 1
Physicochemical Properties of Aluminum Salts

gibbsite showed both monocytic activation toward a Th2-
polarizing response by inducing expression of IL-4 and a Thi-
polarizing response by inducing IFNy. Boehmite did not induce
expression of the Th1-associated gene IFNy. Altogether, the acti-
vation of monocytes that was induced by gibbsite and boehmite
was less pronounced than that induced by alum.

The gene expression profiles of the monocytes were also
determined after 24 h of incubation with gibbsite, boehmite or
alum. All 3 colloidal aluminum salts increased the gene expression
of among others CCR8 (a chemokine receptor involved in mono-
cyte chemotaxis), IFNa, IL-17A, IFNy, IL-18L and IL-6. Gene
expression levels that were upregulated after 6 h and still being
expressed after 24 h included the proinflammatory cytokines IFNa.
(induced by all aluminum salts), IL-17A (induced by alum), IFNv, IL-
13 and IL-6 (Fig. 2b, Supplementary Table S1). After 24 h of incu-
bation, incubation with alum, gibbsite, or boehmite caused dif-
ferential gene expression. IL-2 (a cytokine involved in natural killer
[NK] cell proliferation and required for T cell survival) was upre-
gulated by alum and downregulated by both gibbsite and
boehmite (Fig. 2b). On the contrary, CD14 (a monocyte differenti-
ation marker) was downregulated by alum and upregulated by
gibbsite and boehmite. CD8A was exclusively upregulated on in-
cubation with alum. The expression of IL-4 (a cytokine involved in
Th2 polarization) was upregulated by alum and downregulated by
boehmite. Gibbsite and boehmite induced NF«B1, NFxkBla (both
transcription factors), STAT4 (involved in regulating the differen-
tiation of T cells), and TNF« (a proinflammatory cytokine mainly
secreted by macrophages) (Fig. 2b). Incubation with gibbsite
increased the gene expression of CCR5 and its ligand CCL5
(responsible for attracting monocytes and memory T cells) and of
the TLR adapter molecule TICAM1 more pronounced than incu-
bation with boehmite of alum did. Incubation with boehmite
induced the expression of CXCL10 (an IFNy-induced transcript and
a chemoattractant for monocytes, DCs, and T cells).

At both time points, incubation with gibbsite or boehmite
induced the expression of genes related to the differentiation to-
ward macrophages by upregulating TNFa, CSF2, or CD4. After 6 h of
incubation, alum induced the expression of genes related to the
differentiation of DCs.

Altogether, all 3 types of colloidal aluminum salts induced the
expression of mRNA coding for proinflammatory cytokines. The
induction of genes expressing Th2-polarizing cytokines was faster
and more pronounced in monocytes incubated with alum than
with gibbsite or boehmite. Incubation of monocytes with gibbsite
induced expression of similar genes compared to alum. However,
both gibbsite and boehmite induced the expression of immune
system—related genes to a lesser extent. Based on these gene
expression profiles, alum seems to be a more potent innate immune
activator than gibbsite and boehmite at the doses tested.

Protein Expression

For a quantitative proteome analysis, monocytes were incubated
with alum, gibbsite, or boehmite. The proteome was analyzed after

Compound Composition Ultrapure Water Culture Medium
Hydrodynamic PdI Zeta Potential Hydrodynamic Diameter PdI Zeta Potential
Diameter (nm) (mV) (nm) (mV)
Gibbsite Aluminum hydroxide 155+ 2 0.085 + 0.023 53+1 1467 + 188 0.564 + 0.046 -9+0
Boehmite Aluminum oxyhydroxide 502 + 13 0.234 + 0.017 33+1 1110 + 120 0.427 + 0.083 -9+1
Alum Aluminum oxyhydroxide 744 + 5 0.162 + 0.074 12+03 583 +5 0.72 + 0.037 -9+1

Data are presented as mean + SD (n = 3).
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24 and 48 h of incubation. The proteome analysis revealed about
1200 quantified proteins in total (Supplementary Table S2). Incu-
bation with alum altered the expression of 72 proteins compared to
unstimulated cells, whereas both gibbsite nanoparticles and
boehmite nanoparticles resulted in 40 differentially expressed
proteins each (Supplementary Table S2). The proteins that were
differentially expressed as a result of the incubation with gibbsite
were similarly affected by incubation with alum. The protein
expression profile of monocytes incubated with boehmite differed
at both time points from that of monocytes incubated with alum or
gibbsite.

After 24 h of incubation, 2 immune system-related pathways,
that is, regulation of the inflammatory response and complement
and coagulation cascade, were induced on incubation with alum
(Supplementary Table S3). Incubation with gibbsite also resulted in
the upregulation of 2 immune system-related pathways (regulation
of humoral immune response and complement and coagulation
cascade). Incubation with boehmite did not result in a measurable
induction of immunological pathways (Fig. 3 and Supplementary
Table S3).

After 48 h of incubation with alum, additional homeostatic
and immunological pathways were enriched, for example, de-
fense response, antigen processing and presentation, negative
regulation of metabolic process, response to stress and secretion.
Noteworthy, incubation with alum resulted in induction of posi-
tive regulation of type Ila hypersensitivity pathway, whereas
none of the other incubation conditions upregulated this pathway
(Fig. 3 and Supplementary Table S3). No immunological pathways
could be annotated as being induced by gibbsite nanoparticles
after 48 h of incubation. Nevertheless, individual proteins that are
related to an immune response were upregulated by gibbsite, for
example, C4 (involved in complement pathways), CD71 (a
monocyte activation marker), cathepsin D (involved in antigen
processing and presentation), and LGALS3 (binds IgE and is
involved in the innate immune response). After 48 h of incubation
with boehmite, relevant immunogenic pathways were induced,
for example, immune system process, innate immune response
and antigen presentation of exogenous peptide via HLA class I
(Fig. 3). These pathways were less enriched with fewer proteins
that were significantly expressed compared to those expressed by
incubation with alum. Incubation with boehmite resulted in the
induction of a limited number of homeostatic pathways with a
much lower power compared to alum.

After 24 h of incubation, none of the aluminum salts down-
regulated pathways compared to unstimulated cells (Fig. 3). After
48 h of incubation, boehmite induced downregulation of comple-
ment activation lectin pathway, which is an immunological
pathway. Incubation with alum or gibbsite also induced down-
regulation of pathways, for example, regulation of catabolic process
and platelet aggregation. However, these pathways did not belong
to immunological pathways. Incubation with alum mainly resulted
in downregulation of pathways related to homeostasis, whereas
incubation with gibbsite mainly resulted in the downregulation of
transport-related pathways (Fig. 3).

In summary, our data strongly suggest that gibbsite and
boehmite are less cell activating than alum at the doses tested.
Incubation of monocytes with gibbsite resulted in the induction of
regulation of humoral immune response after 24 h and no signifi-
cantly altered pathways after 48 h of incubation. Incubation with
boehmite resulted in the induction of immunological pathways
after 48 h of incubation, but not after 24 h. Incubation with alum
resulted in the induction of pathways related to an immune
response after 24 h. This pathway induction was even more pro-
nounced after 48 h.

Cytokine Secretion

The effects of alum, gibbsite, and boehmite on cytokine secretion
by human primary monocytes were determined. However, none of
the cytokines measured (IL-11, IL-4, IL-6, IL-10, IL-17A, and IL-18)
could be detected in the culture supernatants. Low extracellular
levels may be due to consumption of the cytokines by the cells or to
encapsulation of cytokines in extracellular vesicles.>* Next, we used a
human monocytic cell line (THP-1 cells) to study cytokine secretion,
which is a suitable model to study monocyte responsiveness.’’
Priming these cells with Phorbol 12-myristate 13-acetate (PMA) in-
duces the production of intracellular pro-IL-18, mimicking the first of
2 steps that are needed for activation of the inflammasome.® The
second step was induced by incubation of THP-1 cells with the
different aluminum salts, after which the cytokine concentrations in
the supernatants were determined. The viability of the cells was not
affected by the aluminum salts (data not shown). Incubation with
boehmite nanoparticles or alum induced significantly higher IL-118
and IL-6 secretion than unstimulated cells (Fig. 4). Incubation with
gibbsite did not result in significantly higher IL-18 or IL-6 levelsin the
supernatants compared to unstimulated cells. IL-4, IL-10, IL-17A, and
IL-18 were not detected in the supernatants of THP-1 cells (data not
shown).

Cell Differentiation

The maturation of monocytic THP-1 cells and their differentia-
tion into macrophages or DCs was analyzed by assessing the
expression of the surface markers CD11¢, CD14, CD40, CD80, CD83,
CD86, and HLA-DR. CD14 is highly expressed in monocytes.?’ The
level of expression of HLA-DR varies per monocyte subtype.”® Dur-
ing differentiation into macrophages, the expression of CD14 is
downregulated.?” The surface markers CD40, CD80, CD83, and CD86
are expressed de novo during differentiation into mature DCs.° The
expression of the MHC-II class molecule HLA-DR is increased during
differentiation into mature DCs. HLA-DR, CD40, CD80, CD83, and
CD86 can be used to analyze subsets of matured DCs.>! A repre-
sentative gating strategy is provided in Figure S1. Cells incubated
with alum showed a significantly higher percentage of CD80-
positive cells compared to unstimulated cells and to cells stimu-
lated with gibbsite or boehmite (Fig. 5). The percentage of positive
cells for the other markers was not affected by the stimuli (Fig. S2).
Thus, based on the expression of the selected surface markers, no
maturation or differentiation of the THP-1 cells was induced by the 3
aluminum salts.

Discussion

In vaccines, the role of an adjuvant is to stimulate and modulate
the immune response without causing harmful side effects. Mono-
cytes play an important role in the onset of the immune response.>?
In this study, the influence of 3 aluminum salt—based particles with
different size, shape, and composition on the immunological
response of human monocytes was investigated in vitro. For this
purpose, gibbsite (hexagonal-shaped aluminum hydroxide) and
boehmite (rod-shaped aluminum oxyhydroxide) were compared to
a licensed adjuvant, alum (aluminum oxyhydroxide). Mapping the
transcriptome and proteome of human primary monocytes after
incubation with alum, gibbsite or boehmite clearly showed distinct
differences in gene regulation and activated pathways. Gibbsite and
boehmite induced less-intense activation of pathways related to an
innate immune response than alum.

Incubation of monocytes with alum induced a more intense
proinflammatory activation of monocytes than incubation with
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gibbsite and boehmite. For example, gene expression of IL-2 (an
essential cytokine for T cell survival and NK polarization®>>%) was
upregulated by alum, whereas gibbsite and boehmite down-
regulated gene expression of this proinflammatory cytokine. At the
protein expression level, gibbsite hardly induced immunological
pathways. Contrarily, boehmite did induce protein expression
related to an immune response, although to a lesser extent than
alum. Similarly, incubation of monocytes with alum strongly
increased IL-18 secretion by THP-1 cells. These IL-1 levels were
significantly higher than those induced by gibbsite and boehmite.

Differences in monocyte maturation and differentiation were
detected at the gene expression level. Both gibbsite and boehmite

enhanced gene expression of TNFq, a cytokine that is mainly
secreted by macrophages.>® Gibbsite induced gene expression of
CD4, which is related to monocyte differentiation toward functional
mature M2 macrophages.””> These macrophages are involved in
tissue repair upon acute injury, which is induced by vaccination.
Boehmite enhanced gene expression of CSF2, which is related to the
differentiation of monocytes toward proinflammatory M1 macro-
phages. Alum has been shown to induce monocyte differentiation
toward DCs,>® which was confirmed in this study by the increased
HLA-A gene expression. Indeed, the interaction of alum with DCs is
widely described.>’->? Thus, boehmite and alum induce monocyte
differentiation toward proinflammatory macrophages and DCs,
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Figure 4. Secretion of IL-18 (a) and IL-6 (b) after incubation of phorbol myristate acetate—primed THP-1 cells with alum, gibbsite nanoparticles, or boehmite nanoparticles. Data are
presented as mean + SD (n = 3). p-Values were determined by using a 2-way ANOVA with multiple comparisons (** = p < 0.01, *** = p < 0.001).

which are mainly involved in initiating the tissue immune
response. Gibbsite induced monocyte differentiation toward func-
tional, noninflammatory macrophages, which are mainly involved
in tissue integrity and suppress inflammation.*° This supports our
findings that boehmite mimics alum in the activation of monocytes,
albeit with reduced strength at the dose tested.

Gibbsite and boehmite induced fewer stress-related pathways
compared to alum as was demonstrated by analysis of protein
expression. These pathways may contribute to the adjuvanticity of
alum.*! In addition, homeostatic pathways were mainly upregu-
lated by alum and downregulated by both gibbsite and boehmite.
These pathways may play a role in the activation of the immune
response by human monocytes.*? Alternatively, stress and ho-
meostasis might be related to side effects. For example, cell death
may lead to the release of cellular material in response to an
aluminum-containing adjuvant. An example of such cellular ma-
terial is uric acid, which causes local inflammation at the site of
injection.*> Because gibbsite and boehmite downregulated ho-
meostatic pathways, these particles may induce an immune
response with less side effects than alum. Common limitations of
currently used aluminum-based adjuvants include the induction of
increased IgE levels, which is related to allergic reactions.** In this
study, alum induced pathways that are related to allergy, which
was not the case for gibbsite nanoparticles and boehmite nano-
particles. However, it is not clear from this study whether this has
implications for the use of these particles as vaccine adjuvant.
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Figure 5. Expression of CD80 on the surface of on phorbol myristate acetate—primed
THP-1 cells after incubation with alum, gibbsite nanoparticles, or boehmite nano-
particles. Data are presented as mean + SD (n = 3). p values were determined by using a
2-way ANOVA with multiple comparisons (* = p < 0.05, ** = p < 0.01).

The zeta potentials of gibbsite and boehmite were comparable in
culture medium. Thus, differences in gene and protein expression
between alum, gibbsite, and boehmite might be due to the shape
and composition. This is also described in the literature. For
example, rod-shaped particles were found to be internalized at a
higher rate and quantity than spheres and cubes.**#’ Particle up-
take is required for the assembly and activation of the inflamma-
some via disruption of lysosomal membranes, which in turn induces
IL-1R secretion.*® Thus, the significant increase in IL-18 and IL-6
secretion by THP-1 cells on incubation with boehmite might be
due to an increased uptake of these particles.

Sun et al. investigated the effects of shape and size of aluminum
hydroxide nanoparticles in vitro and in vivo. They found that the size
of aluminum oxyhydroxide nanorods was directly correlated to the
activation of the NLRP3 inflammasome in THP-1 cells and in bone
marrow—derived dendritic cells (BMDCs), resulting in increased IL-
18 secretion and the expression of the surface markers MHC II,
CD80, CD86, and CD40 by BMDCs.® By contrast, no effect of the
particle size was found on cytokine secretion nor on surface marker
expression in the present study. This may be due to the different cell
types (BMDCs derived from C57BL/6 mice used by Sun et al. vs.
primary human monocytes in this study) and cell culture conditions
used, such as different pretreatment of the cells with PMA (300 ng/
mL in our study vs. 1 pg/mL by Sun et al.). PMA is used to activate
THP-1 cells but can also induce cell differentiation from monocytes
into macrophages at higher concentrations. Differentiation into
macrophages is characterized by downregulation of CD14.%° How-
ever, the particles used in this study did not alter expression of CD14
(data not shown). In addition, the expression of CD80, CD83, and
CD86 was not altered (data not shown), indicating that the mono-
cytes did not differentiate into DCs. In addition, the addition of LPS to
induce increased cytokine secretion may have affected cytokine
secretion and cell differentiation (2.5 ng/mL in our study vs. 10 ng/
mL by Sun et al.). In addition, Sun et al. used Imject alum as a control.
This is a mixture of aluminum hydroxide and magnesium hydrox-
ide.*° It is thus difficult to compare the outcomes of the study of Sun
et al. to those of our study.

Seubert et al.>® found that the expression of MHC Il and CD86 on
human primary monocytes was increased after incubation with
aluminum hydroxide, as demonstrated by an increased mean
fluorescence intensity, which was not observed in this study.
However, in our study the fluorescence intensity was altered in the
presence of the aluminum salt—based particles, making it difficult
to distinguish real signal from background noise. In addition, not
only monocytes were isolated as in our study, but all PBMCs were
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used in the cell culture. Because PBMCs include lymphocytes (T
cells, B cells, and NK cells), monocytes, and DCs, it is possible that
the interaction between these different cell types influences the
expression of surface markers. For example, T cells are needed to
increase MHC Il on monocytes.” This is in agreement with the
results of this study, as no increase in MHC II was detected with
purified monocytes.

Alum is often described as a Th2-polarizing adjuvant.’%->?
However, this polarization could be related to the research
method and species used in the referred studies. For example, alum
is a Th2-polarizing adjuvant in mice,”® but the extent of this effect
depends on the mouse strain.>* Moreover, in humans, a mixed Th1/
Th2-polarizing response has been observed."'?”>>6 Indications of
the activation of monocytes that play a role in the onset of a mixed
Th1/Th2 response was also found in this study by the enhanced
expression of IL-4 (Th2-polarizing) and IFNy (Th1-polarizing) on
incubation with gibbsite or alum. Boehmite did not induce expres-
sion of IFNy and thus may lead to a more Th2-polarizing response. In
addition, the innate immune response by an intact organism against
complete vaccine formulations may differ from those of isolated
immune cells against adjuvants alone. In the present study, the
activation of monocytes by colloidal aluminum salt—based vaccine
adjuvants was studied in absence of an antigen. However, antigens
can alter the innate immune response toward an adjuvant. Hence,
the complete vaccine formulation will determine the final response,
as described by Kooijman et al."'®

In the present study, we have shown that gibbsite, boehmite, and
alum differently activate human monocytes. Hexagonal-shaped
gibbsite induced a very limited activation of monocytes, whereas
rod-shaped boehmite induced the activation of several pathways
that are involved in the onset of an immune response. Hence, rod-
shaped aluminum salt—based particles might have stronger cell-
activating  properties than hexagonal-shaped aluminum
salt—based particles. The response of human monocytes toward
alum was more intense than the response toward boehmite. How-
ever, stress response—related pathways were also much more
intensely induced by alum. These pathways are possibly positively
related to the activation of an immune response. Alternatively, stress
response—related pathways may increase side effects that are
currently experienced after immunization with a vaccine containing
an aluminum salt—based adjuvant. Apart from alum, boehmite also
activated the immune system. Although the activation was less
intense compared to alum, the stress-related response induced by
boehmite was also much milder. Therefore, boehmite may be a
suitable alternative for the currently licensed aluminum hydroxide
adjuvant. Future investigations, for example, involving dose-
response experiments and a more comprehensive compound li-
brary screening (e.g., including other inorganic salts such as
aluminum phosphate and calcium phosphate) will be needed to
improve our insight into the critical physicochemical properties that
influence the immunostimulating effects of particulate aluminum
salt—based adjuvants.
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