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Abstract

Aluminum hydroxide salts (alum) have been added to inactivated vaccines as safe and
effective adjuvants to increase the effectiveness of vaccination. However, the exact cell
types and immunological factors that initiate mucosal immune responses to alum adjuvants
are unclear. In this study, the mechanism of action of alum adjuvant in nasal vaccination
was investigated. Alum has been shown to act as a powerful and unique adjuvant when
added to a nasal influenza split vaccine in mice. Alum is cytotoxic in the alveoli and stimu-
lates the release of damage-associated molecular patterns, such as dsDNA, interleukin (IL)-
1qa, and IL-33. We found that Ag-specific IgA antibody (Ab) production was markedly
reduced in IL-33-deficient mice. However, no decrease was observed in Ag-specific IgA Ab
production with DNase | treatment, and no decrease was observed in IL-1a/ or IL-6 produc-
tion in IL-33-deficient mice. From the experimental results of primary cultured cells and
immunofluorescence staining, although IL-1a was secreted by alveolar macrophage
necroptosis, IL-33 release was observed in alveolar epithelial cell necroptosis but not in
alveolar macrophages. Alum- or IL-33-dependent Ag uptake enhancement and elevation of
OX40L expression were not observed. By stimulating the release of IL-33, alum induced
Th2 immunity via IL-5 and IL-13 production in group 2 innate lymphoid cells (ILC2s) and
increased MHC class Il expression in antigen-presenting cells (APCs) in the lung. Our
results suggest that IL-33 secretion by epithelial cell necroptosis initiates APC- and ILC2-
mediated T cell activation, which is important for the enhancement of Ag-specific IgA Ab pro-
duction by alum.

Author summary

Aluminum salts have been used as adjuvants in many vaccines. Aluminum salts induce
Th2 immunity and vaccine antigen-specific antibody production aluminum salts elicit
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adjuvant action via cytokine production. Currently, the mechanisms underlying alumi-
num salt function in nasal vaccination are unknown, and elucidation of the mechanism is
important for the development of particulate adjuvants. This study focused on the cyto-
kines released from dead cells as induced by aluminum salt. This study found that alumi-
num adjuvant caused release of the cytokine interleukin (IL)-33 from alveolar epithelial
cells by inducing necrosis. IL-33 is also crucial for antigen-specific IgA antibody produc-
tion by nasal vaccination. Aluminum adjuvant also induces alveolar macrophage necrosis,
which is not accompanied by IL-33 release. Aluminum salt-induced IL-33 acts as an acti-
vator for group 2 innate lymphoid cells and antigen-presenting cells in the lung. This
means that by developing an adjuvant that targets the release of IL-33, it may be possible
to develop a highly effective nasal vaccine. IL-33 significantly contributes to the efficacy of
nasal vaccines and provides new insights into the mechanisms underlying aluminum
adjuvants, showing that lung parenchymal tissue, rather than macrophages and lympho-
cytes, is the source of IL-33.

Introduction

Vaccines are important tools for protecting against infectious pathogens. Various vaccines,
such as those for tuberculosis, Japanese encephalitis virus, hepatitis B virus, and influenza
virus, have been developed; however, the development of safer and more effective vaccines is
always desirable. Currently, in addition to using pathogens such as live attenuated viruses as
vaccines, inactivated pathogens, extracts, or recombinant proteins have been used as vaccine
antigens (Ag). To induce sufficient antigen-specific antibody (Ab) production and cytotoxic T
lymphocyte (CTL) activation, adjuvants need to be added to these subunit vaccines to com-
pensate for the lack of immunogenicity [1].

Aluminum salts (alum) have long been used as vaccine adjuvants in humans [2, 3]. Alum is
thought to exert an adjuvant effect by increasing Ag uptake [4, 5]. Alum has a high ability to
induce humoral immunity, such as Ab production [2]. However, alum has a low ability to
induce cell-mediated immunity, and alum can induce allergies in humans [2, 6, 7]. Subsequent
studies have shown that alum exerts adjuvant effects by activating the NACHT, LRR, and PYD
domain-containing protein 3 (NALP3) inflammasomes via extracellular ATP, uric acid crys-
tals, or necrosis-released dsDNA [8-10]. Fine particulates, such as alum and silica, generally
do not induce the expression of pathogen-associated molecular patterns and do not directly
stimulate pattern recognition receptors such as TLRs [11, 12]. In contrast, damage-associated
molecular pattern molecules (DAMPs), such as dsDNA and IL-1a, have crucial roles in
immune stimulation by alum [13-17]. In particular, dsDNA stimulates immunity that induces
Ag-specific IgG production when administered intraperitoneally or intramuscularly [13, 14].
IL-1a release is important for innate immune activation by alum [15-17].

The importance of IL-1f in alum-induced immunity has been widely recognized [10, 18].
In contrast, NALP3 inflammasomes and IL-1p are not required for the adjuvant effect of alum,
suggesting that other cytokines are critical for eliciting adjuvanticity in alum [19]. Other mem-
bers of the IL-1 family include IL-10., IL-18, and IL-33 [20]. Among these, only IL-1c is
involved in alum-induced mucosal immunity in the lungs [15]. Since the IL-1 family can be
released through necrotic cell death, they are considered to be alarmins or DAMPs and acti-
vate mucosal immunity [15, 21]. IL-33 is detected in peritoneal lavage fluid after intraperito-
neal administration of alum [22]. In addition, although IL-33 in the peritoneal lavage fluid can
induce Th2 cytokine production, its contribution to Ag-specific Ab production is small [22].
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Additionally, IL-33 has been reported to negatively regulate CTL induction after subcutaneous
inoculation with alum and nanoparticles [23], suggesting that IL-33 acts as a positive regulator
in humoral immunity but not in cellular immunity. Among adjuvants other than alum,
2-hydroxypropyl-B-cyclodextrin (HP-B-CD) exhibits DAMP-mediated adjuvant activity [24,
25]. Interestingly, HP-B-CD contributes to adjuvant action via dsDNA release after subcutane-
ous inoculation [24], whereas IL-33 is released in the lungs after nasal inoculation [25]. IL-33
has been known to induce Th2 immunity via the ST2 receptor [26, 27]; however, its mecha-
nisms of adjuvant activities, such as identifying IL-33 target cells, as typified by APCs, have not
been investigated. In addition, whether such DAMPs are involved in the adjuvant effects of
nasally administered alum combined vaccines has not been investigated.

In this study, we investigated the adjuvant effects of alum in nasal administration. To eluci-
date its mechanisms, the Ag-specific IgA Ab production-inducing ability of alum was evalu-
ated, and the secreted DAMPs and their target cells involved in Ag-specific IgA Ab production
were analyzed.

Results

Nasally administered alum induces IL-33-dependent Ag-specific IgA Ab
production in the lung

Fine particles, such as silica and alum, enhance innate immunity via DAMP release [13-17]. In
this study, we found that alum and silicon dioxide nanopowder (NanoSiO,) are strong drivers
of DAMPs in the lungs following intranasal administration (Fig 1A). Mice were intranasally
administered saline (SA), alum, or NanoSiO,, and the DAMP concentrations in the bronch-
oalveolar lavage fluid (BALF) were analyzed. Alum-treated mice showed significant increases
in IL-10, IL-33, and dsDNA levels within 24 h after administration compared with the SA-
administered group (Fig 1A). NanoSiO,-administered mice also showed significant increases
in IL-1a, IL-33, and dsDNA within 24 h after administration; however, their IL-33 levels were
lower than levels in the alum-administered group. IL-1 levels in the alum- or NanoSiO,-
administered group are known to be induced by fine particle inhalation [9, 10, 18] and were
also elevated within 24 h after administration (Fig 1A). Although the involvement of IL-1c
and IL-1B in fine particle-induced mucosal immune responses is known [15, 21, 28-30], the
role of IL-33 and dsDNA in mucosal immune responses to adjuvant activities of fine particles
has not been elucidated. Dose-dependent increases in IL-33 levels were observed (Fig 1B). The
concentration of IL-1o was increased by alum administration, but the effect was not dose-
dependent (Fig 1B). These results indicate that alum strongly stimulates DAMP secretion in
the lungs after nasal administration.

To examine the activity of alum as a mucosal vaccine adjuvant, BALB/c mice were immu-
nized intranasally with a split influenza vaccine (SV) with or without alum. The Ag-specific
IgA AD levels in BALF were determined using ELISA. Fourteen days after the final vaccination,
Ag-specific IgA Ab levels were strongly increased by alum addition compared with SV alone
(Fig 1C). Furthermore, I133”" mice showed less elevation of Ag-specific IgA Ab levels com-
pared with those observed in wild type (WT) mice (Fig 1C). The addition of recombinant
mouse IL-33 protein to the SV increased Ag-specific IgA Ab levels (Fig 1C), suggesting that
IL-33 has mucosal adjuvant effects in the SV. We then assessed the OV A-specific IgE Ab
response induced by OVA immunization with or without alum. Alum is known to induce
high IgE Ab production in mice via OVA inhalation and is commonly used in allergy models
in mice [31]. As expected, alum induced OV A-specific IgE Ab production in the serum (Fig
1C). When 1337 mice were intranasally immunized with alum-containing OVA, OV A-spe-
cific IgE Ab levels were markedly reduced compared with those in WT mice (Fig 1C).
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Fig 1. Alum has strong adjuvant effects in nasal influenza vaccines, and IL-33 has a significant influence on the
induction of Ag-specific IgA Ab production by alum. (A) WT and IL-33-deficient (II33”") mice were intranasally
administered SA, 100 ug of alum, or 100 ug of NanoSiO,. At 1, 3, 6, and 24 h after administration, the mice were
euthanized, and BALF was collected. The concentrations of DAMPs in BALF were determined using ELISA.
Quantification of dsDNA was performed using the Quant-iT Picogreen dsDNA Assay Kit. (B) For dosing amount-
dependent responses, 5, 10, 50, or 100 pg of alum was intranasally administered. BALF was collected 6 h and 24 h after
alum intranasal administration to analyze IL-33 and IL-1c levels using ELISA. Nontreated (NT) mice were used as
controls. (C) BALF Ag-specific IgA Ab and serum IgE Ab concentration were determined using ELISA 14 days after
the second immunization with SV, SV combined with alum, SV combined with rIL-33, OVA, or OVA combined with
PVNO (n = 4-6 per group). (D) Nonimmunized, SV-immunized, or SV plus alum-immunized WT or II33”" mice
were challenged with a 10 LD50 dose of A/Osaka/129/2009 [A(HIN1)pdm09] influenza virus 14 days after the second
alum-adjuvanted SV immunization. Their body weight changes and survival were monitored (n = 4-10 per group). (E)
BALF was collected 6 h after SA or alum intranasal administration. IL-1o., IL-1B, and IL-6 concentrations in BALF
were determined using ELISA, and quantification of dsSDNA was performed using the Quant-iT Picogreen dsDNA
Assay Kit (n = 4-6 per group). (F) The mice were immunized with SV alone, SV with 2 ug dsDNA, or SV with alum. In
some groups, 600 IU of RNase-free recombinant DNase I was intranasally administered 3 h before and 18 h after each
immunization. Another group was similarly administered PBS as a control for DNase I treatment. At 14 days after
immunizations, the mice were euthanized, and BALF was collected to determine Ag-specific IgA Ab concentrations
using ELISA (n = 4 per group). The data are from two (A, B, C, E, and F) or three (D) independently performed
experiments and are presented as the mean (+ SEM). Each dot indicates the result of an individual animal (A, C, and
D). For more than three groups, significance was assessed using one-way ANOVA and Dunnett’s multiple-comparison
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test to determine differences between SA and other groups. The student’s ¢-test was used to compare two groups.

*p < 0.05 and *p < 0.05 in the alum and NanoSiO, groups compared with the SA group, respectively. *p < 0.05 and
***p < 0.001 compared with the SA group (A and C), or WT group (B). **p < 0.01 and ***p < 0.001. N.S. means not
significant.

https://doi.org/10.1371/journal.ppat.1009890.g001

However, when SV was used as Ag, Ag-specific IgE Ab was not detected in the serum or BALF
(Fig 1C), suggesting that alum can elicit adjuvanticity without IgE Ab production in the influ-
enza vaccine. Influenza virus infection experiments were conducted to verify the direct
involvement of IL-33 in the adjuvant effects of alum. In the nonimmunized or SV-immunized
study, no marked differences in influenza virus infection-induced body weight loss were
observed between WT and I1-33”" mice (Fig 1D). This suggests that susceptibility to influenza
virus infection and efficiency of protection in SV alone were not different between WT and Ii-
337 mice (Fig 1D). In the alum containing influenza vaccine inoculation study, no marked
body weight loss was observed in WT mice after infection (Fig 1D). However, 133" mice
showed significant body weight loss compared with WT mice (Fig 1D). Taken together, these
results suggest that IL-33 is a key factor in the mucosal adjuvant effects of alum.

To examine whether other DAMP and cytokine levels were affected by IL-33 defects in
11337 mice after intranasal administration of alum, IL-10,, IL-1B, dsDNA, and IL-6 levels in
BALF were analyzed 6 h after administration. No reduced levels of any DAMPs or cytokines
were observed in 133" mice compared with WT mice 6 h after alum intranasal administration
(Fig 1E). Among the markers studied, IL-1B and dsDNA increased significantly in /337" mice
compared with WT mice (Fig 1E). These results indicate that IL-33 deficiency in II33”" mice
does not result in a decrease in DAMP secretion after alum administration. This suggests that
the mechanisms underlying the decrease in Ag-specific IgA Ab production in I133”" mice were
not primarily mediated by decreases in IL-10., IL-1B, dsDNA, and IL-6 secretion. dsSDNA has
been reported to have mucosal adjuvant effects in mice [29]. To investigate the adjuvant effects
of dsDNA derived from alum intranasal administration, the immunized mice were treated
with recombinant DNase I. The dose of dsDNA was set to 2 pg/mouse because the dsSDNA
concentration in the BALF of alum-administered mice was approximately 0.5-1 pg/mL (Fig
1E), and the volume of PBS used for BALF was 1.0 mL. Thus, we believe that 2 ug/mouse is suf-
ficient to assess the effects of adjuvanticity in dsDNA. When dsDNA was combined with SV,
Ag-specific IgA Ab levels increased significantly compared with SV alone (Fig 1F). DNase I
treatment diminished the elevation of Ag-specific IgA Ab levels by dsDNA combined with SV
vaccination, suggesting that dsDNA has mucosal adjuvant activity in SV. However, DNase I
treatment did not diminish the elevation of Ag-specific IgA Ab levels by alum combined with
SV vaccination (Fig 1F). These results indicate that although alum induces dsDNA release in
BALF, the released dsDNA has lower effects than IL-33 on the adjuvant activities of alum.
Taken together, the results suggest that IL-33 appears to be a key initiator of the mucosal adju-
vant effects of alum.

Nasally administered alum induces IL-1a release via alveolar macrophage
death but not IL-33 release in the lung

Programmed necrosis, also known as necroptosis, is one of several mechanisms of DAMP
release [11, 20]. Previous studies have reported that intratracheal administration of alum
induces alveolar macrophage necroptosis, which promotes the release of IL-1c. [15]. To verify
that alveolar macrophage reduction was induced during alum nasal inoculation, we analyzed
the number of alveolar macrophages in BALF after alum nasal inoculation. As expected, alveo-
lar macrophages were significantly reduced in a dose-dependent manner (Fig 2A). Total
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Fig 2. Alum induces necroptosis in freshly isolated alveolar macrophages accompanied by IL-1a secretion but not IL-33. (A) Mice
were intranasally administered SA or 5, 10, 50, or 100 ug of alum or 100 pg of NanoSiO,. At 24 h or 48 h after administration, the mice
were euthanized, and the lungs were collected for FACS analyses. Alveolar macrophages in the lung were gated as live (propidium iodide
negative) CD11c"CD11b"CD64"CD24". The alveolar macrophage number per mL of BALF was calculated. Freshly frozen sections of
lung tissue were prepared at 24 h after intranasal administration of SA or alum and stained with anti-F4/80 Abs and DAPI. (B)
Neutrophils and eosinophils in the lung were gated as live CD11b*CD24"Ly6G*SiglecF and CD11b*CD24"Ly6G SiglecF" cells,
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respectively. Gating strategies are shown in S1 Fig. Alveolar macrophage and neutrophil numbers per mL of BALF were calculated. (C)
Freshly isolated alveolar macrophages were prepared from WT mice. Alveolar macrophages were stimulated with PBS, alum,
MIN-U-SIL5, or LPS for 6 h or 12 h (only C). In some experiments, the lysosome stabilizer PVNO was cotreated with PBS, alum or
MIN-U-SIL5. After stimulation, a cell-free medium was collected to determine the cell viability with the Cytotoxicity LDH Assay Kit-
WST, and IL-1o and IL-33 concentrations were determined using ELISA. Cells were collected to prepare lysates for measuring IL-1o
and IL-33 concentrations using ELISA and total protein concentrations with a bicinchoninic acid assay. Time- or concentration-
dependent changes in IL-1co secretion and reduced cell viability. (D) Effects of PVNO on alum- or MIN-U-SIL5-induced IL-1a
secretion. (E) The RIP3K inhibitor GSK’872 was treated with alum to assess the involvement of necroptosis. DMSO was added as a
vehicle control. (F) IL-33 concentration in the medium and cell lysate after PBS, alum, or MIN-U-SIL5 stimulation with or without
PVNO. The data are from three independently performed experiments, and the error bars are presented as the mean (+ SEM) of three
independently performed experiments. Each dot indicates the result of an individual animal (A). For more than three groups,
significance was assessed using one-way ANOVA and Dunnett’s multiple-comparison test to determine differences between SA and
other groups. The student’s ¢-test was used to compare two groups. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the SA group.

https://doi.org/10.1371/journal.ppat.1009890.9002

neutrophil numbers in BALF were increased, but not markedly, by alum administration (Fig
2B). Eosinophils were not found in the BALF from either group (Fig 2B). These results indi-
cated that alveolar macrophages were reduced by the intranasal administration of alum.

To clarify whether IL-33 is directly released from alveolar macrophages, experiments using
primary alveolar macrophages were performed. IL-1c, which has been known to be released
from alveolar macrophages [15], was released after alum stimulation and decreased cell viabil-
ity (Fig 2C). LPS was used as the control. The addition of Poly-2-vinylpyridine N-oxide
(PVNO) as a lysosomal stabilizer suppressed the release of IL-10. by silica crystals (MIN-U-
SIL5 silica), but not the release of IL-1a by alum, suggesting that alum-induced IL-10. release
was not caused by lysosomal disruption (Fig 2D). In vivo experiments also showed that PVNO
treatment suppressed IL-1o release due to NanoSiO,, but not alum, and that IL-33 release was
not affected by PVNO treatment (S2 Fig). This suggests that the mechanisms by which alum
induces cell death are different from those induced by silica. Necroptosis requires protein
receptor-interacting protein kinase 3 (RIP3K) and its substrate, mixed lineage kinase domain-
like (MLKL), which are crucial players in this pathway [32]. Alum-induced cell death and IL-
lo release were suppressed by treatment with the necroptosis inhibitor GSK’872 as a RIP3K
inhibitor (Fig 2E). These results indicate that alum induces RIP3K-mediated necroptosis in
alveolar macrophages. In contrast, IL-33 release from alveolar macrophages by alum stimula-
tion was not observed (Fig 2F). Analysis of the IL-33 protein content in the cell lysate revealed
that the expression level was lower than that of IL-1a (Fig 2D and 2E). These results suggest
that alveolar macrophage necroptosis releases IL-1a, but not IL-33, by alum stimulation.

Alveolar epithelial cells express the IL-33 protein, which is released by
alum-induced cell death

IL-33 is strongly expressed in parenchymal cells, such as epithelial cells, in addition to some
APCs such as dendritic cells (DCs) and macrophages [27, 33]. These reports prompted us to
investigate which cells release IL-33, which plays crucial roles in the adjuvanticity of nasally
administered alum. To identify IL-33-expressing cells in the lung, immunofluorescence stain-
ing of the lungs was performed. F4/80 was used as an alveolar macrophage marker, and the
pro-surfactant protein C (Pro-SP-C) was used as an alveolar epithelial cell marker. The results
showed that many IL-1o-expressing cells also expressed F4/80 but not Pro-SP-C, suggesting
that IL-1o. was mainly expressed in alveolar macrophages (Fig 3A). This result supports the
result shown in Fig 2C-F. In contrast, IL-33-expressing cells also expressed Pro-SP-C but not
F4/80 (Fig 3B). These results show that IL-33 is strongly expressed in the alveolar epithelial
cells, suggesting that alum induces necroptosis in alveolar epithelial cells and promotes IL-33
release in the lung.
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Fig 3. Alveolar epithelial cells lead to necroptosis-dependent IL-33 secretion. Nontreated mice were euthanized,
and the lungs were collected. Fresh frozen sections were prepared and stained with anti-IL-1o. Ab, anti-F4/80 Ab, anti-
Pro-SP-C Ab and DAPI (A), or anti-IL-33 Ab, anti-F4/80 Ab, anti- Pro-SP-C Ab, and DAPI (B). In both A and B, the
top and bottom images are from the same section, however, there are different fluorescent combinations. Images were
analyzed with an Olympus BX53 fluorescence microscope. Adobe Photoshop was used to adjust the brightness and
contrast (changes were applied to the entirety of all images equally). To calculate cell populations, more than 100 IL-
1o or IL-33" cells were counted in specimens from each animal. Among them, F4/80", Pro-SP-C", and F4/80 Pro-
SP-C cells were counted, and then the ratios of each population were calculated. The data are presented as the mean
ratio from three animals (+SD). (C) Freshly isolated alveolar epithelial cells were prepared from WT mice. The purities
of the alveolar epithelial cells were determined using FACS analysis as shown in S3 Fig. The cells were stimulated with
PBS, 50, or 100 pg alum or 10% HP-B-CD for 5 h. After stimulation, a cell-free medium was collected to determine the
cell viability with a Cytotoxicity LDH Assay Kit-WST and the IL-33 concentration using ELISA. (D) To assess the
involvement of necroptosis signaling, alum was coadministered with the RIP3K inhibitor GSK’872, RIP1K inhibitor
necrostatin-1, or MLKL inhibitor necrosulfonamide. DMSO was added as a vehicle control. The data are from three
independently performed experiments (C and D), and the error bars are presented as the mean (+ SEM) of three
independently performed experiments. For more than three groups, significance was assessed using one-way ANOVA
and Dunnett’s multiple-comparison test to determine differences between SA and other groups. The student’s t-test
was used to compare two groups. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the PBS group (C, D). The
student’s f-test was used to determine differences between the DMSO- and GSK’872-treated groups, and *p < 0.05
compared with the DMSO group (E).

https://doi.org/10.1371/journal.ppat.1009890.9003

To directly clarify whether alveolar epithelial cells release IL-33 by alveoli, we conducted
experiments using primary alveolar epithelial cells. Mouse alveolar epithelial cells were iso-
lated, and over 99% of the cells were CD45 CD31", while approximately 80% of the cells were
EpCAM cells, which are alveolar epithelial cells (S3 Fig). Alum induced IL-33 release by alve-
olar epithelial cells, accompanied by decreased cell viability (Fig 3C). HP-B-CD, which has
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been reported to induce IL-33 release in the lung [25], is a positive control for IL-33 release.
RIP3K is phosphorylated and targets the phosphorylation of MLKL, which is critical for
necroptosis [32]. In addition to RIP3K, RIP1K is also involved in the recruitment and phos-
phorylation of MLKL. IL-33 release and the decline in cell viability were suppressed when
alum was cotreated with the RIP3K inhibitor GSK’872 (Fig 3D). However, necrostatin-1, a spe-
cific inhibitor of RIP1K, did not suppress IL-33 release or cell death (Fig 3D). Cotreatment
with the MLKL inhibitor, necrosulfonamide, markedly suppressed alum-induced IL-33 release
and decreased cell viability. These results show that alum promotes IL-33 release due to alveo-
lar epithelial cell necroptosis, which is mediated by RIP3K and MLKL, but not RIP1K
signaling.

Alum can elicit Th2 immune responses via group 2 innate lymphoid cell
(ILC2) activation in the lung

IL-33 induces Th2-mediated adaptive immunity due to allergic inflammation in the lungs by
promoting ILC2 activation and DC activation [34-36]. To verify the activation of ILC2s by
nasal inoculation with alum and IL-33, the activation of ILC2s in the lungs 6 h after inocula-
tion was analyzed using FACS. The percentage of ILC2s among total mononuclear cells in the
lungs was significantly reduced in alum-administered mice (Fig 4A). In addition, 133" mice
showed a further decrease in ILC2s compared to alum-treated WT mice (Fig 4A). Activated
ILC2s are known to induce IL-5 and IL-13 expression in the lungs [37]. We analyzed the
expression levels of IL-5 and IL-13 using FACS. The results showed that alum- and recombi-
nant IL-33-administered mice had increased numbers of both IL-5- and IL-13-positive cells
compared with SA-treated mice (Fig 4B and 4C). However, 1133”7~ mice showed no increase in
IL-5- and IL-13-positive cells, despite alum administration. These results indicate that alum
does not induce ILC2 accumulation in the lung; however, alum induces ILC2 activation via IL-
33 secretion. In addition, IL-5-expressing cells were markedly increased by alum treatment
(Fig 4B), which might be involved in the mucosal adjuvant effects of alum.

Alum induces MHC class II expression in ST2-expressing APCs but does
not induce antigen uptake in the lung

In addition to ILC2 activation, IL-33 promotes DC maturation and enhances Ag presentation
[34]. Changes in the number of APCs in the lung and the amount of Ag uptake in APCs after
intranasal administration of alum were analyzed using FACS with a gating strategy for APCs
(S3 Fig). Interstitial macrophages (IMs) and CD103" DCs were significantly reduced after
alum administration (S3 Fig). To assess the antigen presentation ability of APCs, I-A/I-E
(MHC class II) cell-surface expression levels were analyzed. CD103" DCs and IM showed sig-
nificant increases in MHC class II expression in the alum combined with SV-treated group
compared with the SV alone-treated group, which was significantly reduced in 133" mice (Fig
5A and 5B). For CD11b" DCs, some populations with high MHC class II expression were
observed in the histogram, but when observed at the average expression level, no significant
difference from SV was observed (Fig 5A). In addition, no cell population with high MHC
class IT expression levels was observed in 11337 mice (Fig 5A). These results indicate that alum
increases MHC class II expression levels of APCs in an IL-33-dependent manner.

To further clarify the uptake of Ag by APCs, mice were intranasally administered DQ-OVA
as Ag with or without alum, and the uptake of DQ-OVA by APCs at 24 h after administration
was analyzed using FACS. Although the overall uptake was very small, OVA uptake was not
significantly enhanced by alum (Fig 6A), suggesting that alum does not act as an Ag uptake-
inducing agent in nasal administration. In DQ-OV A-uptake cells, IM was a prominent
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Fig 4. Alum increases IL-5 and IL-13 expression in lung ILC2s but does not induce ILC2 accumulation in the
lung. WT or [133”" mice were intranasally administered SA or alum. At 6 h after administration, the mice were
euthanized, and the lungs were collected. ILC2s in the lung were gated as live (propidium iodide negative)
CD45"Lineage (B220/FceRI/CD11b/CD3e/SiglecF) ICOS*ST2" (A). The ILC2 percentage of CD45" cells was
determined for each group (A). Intracellular staining with anti-IL-5 Ab (B) or anti-IL-13 Ab (C) was performed to
determine their expression levels in ILC2s. The rates of CD45'IL-5" or CD45"IL-13" cells were calculated.
Intracellular staining experiments were performed using pooled single suspensions from three mice for each group.
The data are from two independently performed experiments (A-C), and the error bars are presented as the mean (+
SEM) of four mice per group (A-C). Each dot indicates the result of individual experiments (B and C). For more than
three groups, significance was assessed using one-way ANOVA and Dunnett’s multiple-comparison test to determine
differences between SA and other groups. The student’s ¢-test was used to compare two groups. p * < 0.05, **p < 0.01
and ***p < 0.001 compared with the DQ-OVA group (A) or SA group (B and C).

https://doi.org/10.1371/journal.ppat.1009890.9004

population among the APCs (Fig 6A). To elicit adaptive immune responses, Ag presentation is cru-
cial for APCs. MHC class II expression in DQ-OVA-uptake cells was significantly increased in
alum-adjuvanted SV-administered mice compared with those administered with SV alone (Fig 6B).
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Fig 5. Alum increases MHC class II expression levels of APCs in an IL-33-dependent manner. WT or [I33” mice were
intranasally administered SV or SV plus alum. At 24 h after administration, the mice were euthanized, and the lungs or BALF
were collected. CD103" DCs, IMs, and CD11b" DCs in the lung were gated as live (propidium iodide negative)
CD45"SiglecF CD103"CD1 1b™4CD11c¢*CD11c"CD24™4, CD45"SiglecF CD11¢*CD11b"CD24’, and

CD45"SiglecF CD11c"CD11b*CD24", respectively. Their MHC class II expression levels were individually analyzed (A). The
median fluorescence intensity (MFI) of MHC class II levels in each cell population was determined (B). The IL-33
concentrations in BALF were determined using ELISA (C). The data are from three independently performed experiments
(A-C), and the error bars are presented as the mean (+ SEM) of three mice per group (A-C). For more than three groups,
significance was assessed using one-way ANOVA and Dunnett’s multiple-comparison test to determine differences between
SA and other groups. The student’s ¢-test was used to compare two groups. “*p < 0.01 and ***p < 0.001 compared with the
SV group (B) or SA group (C). “p < 0.05 and *** p < 0.001.

https://doi.org/10.1371/journal.ppat.1009890.9005
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Fig 6. Alum increases MHC class II expression levels in OVA-uptake APCs that express ST2 in an IL-33-dependent
manner. Alum also increases MHC class I expression levels of APCs in an IL-33-dependent manner. WT or /337" mice
were intranasally administered SV or SV plus alum. At 24 h after administration, the mice were euthanized, and the lungs
were collected. CD103* DCs, IMs, and CD11b* DCs in the lung were gated as live (propidium iodide negative)
CD45"SiglecF"CD103*CD11b™CD11¢*CD11¢*CD24™", CD45*SiglecF CD11¢"CD11b"CD24" and

CD45"SiglecF CD11¢"CD11b*CD24", respectively. DQ-OV A uptake levels in the total live cells and the ratio of each APC in
the total DQ-OVA uptake cells (A), MHC class II expression levels in DQ-OVA uptake cells (B), and ST2 expression in both
DQ-OVA uptake cells or no uptake cells were individually analyzed (C). The data are from three independently performed
experiments (A-C), and the error bars are presented as the mean (+ SEM) of three mice per group (A-C). For more than
three groups, significance was assessed using one-way ANOVA and Dunnett’s multiple-comparison test to determine
differences between SA and other groups. The student’s t-test was used to compare two groups. **p < 0.01 and ***p < 0.001
compared with the SV group (B). “p < 0.05and ** p < 0.01.

https://doi.org/10.1371/journal.ppat.1009890.9006

In addition, this observation was diminished in alum-administered 1133”7 mice (Fig 6B). These
results suggest that alum increases MHC class II expression levels in Ag-uptake cells via IL-33. To
analyze whether the increase in MHC class II expression levels in OV A-uptake cells is mediated by
the IL-33 receptor, ST2 expression levels in OV A-uptake cells were analyzed. From the result, the
ST2 expression level of OVA-uptake cells was higher than that of non-OVA-uptake cells (Fig 6C).
The expression level of ST2 was not markedly elevated by alum compared to DQ-OVA alone. ST2
expression levels did not change in I133”" mice. IL-33 promotes Th2 cell activation by increasing the
expression of OX40L on DCs [33, 37]. Analysis of OX40L expression levels in lung cells after alum
administration did not show an increase in OX40L expression levels (54 Fig). This suggests that
increased expression of OX40L is not involved in eliciting the mucosal adjuvant effects of alum.
From this, it was shown that the secretion of IL-33 rather than the elevation of ST2 expression is
important for the activation of APCs by the alum.

Discussion

Alum is an adjuvant used in many human vaccines. Since many vaccines are intended for use
in healthy humans, elucidating their mechanism of action is important for clarifying their
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efficacy and safety. The adjuvant effects of alum have been extensively studied for many years
[2, 3, 6]. Alum is a DAMPs-inducing adjuvant suggested to be involved in inducing an inocu-
lation site-dependent characteristic immune response to alum [13-15, 23]. Most alum-con-
taining vaccines have been inoculated subcutaneously or intramuscularly; however, fine
particulates are known to activate mucosal immunity in the trachea and lungs [12]. Therefore,
the present study first focused on alum-inducing DAMPs in the lungs and analyzed in detail
the mechanism of action of alum as a vaccine adjuvant in nasal inoculation. This study
revealed that IL-33 is released in BALF in addition to other DAMPs, such as IL-1a: and
dsDNA. Furthermore, IL-33 largely contributed to the induction of Ag-specific IgA Ab pro-
duction by the alum-adjuvanted influenza vaccine without Ag-specific IgE Ab production.
Interestingly, although neither alum nor IL-33 themselves exhibited Ag uptake-enhancing
effects, alum induced IgA Ab production mainly by increasing MHC class II expression in Ag
uptake APCs and promoting IL-5 and IL-13 production by activating ILC2s. These mecha-
nisms are completely different from the mechanism of action of alum adjuvanticity reported
in intramuscular, subcutaneous, and intraperitoneal administration studies [13-15, 23].

Upon intratracheal injection, a previous report showed that alum leads to necroptosis of
alveolar macrophages that release IL-1c: in the lungs, resulting in inducible bronchus-associ-
ated lymphoid tissue iIBALT) formation [15]. In this study and a previous study, the release of
IL-10 was observed when alum was nasally inoculated (Fig 1A). In addition, IL-1f, which is
released via NALP3 activation mediated by DAMPs such as dsDNA, ATP, and uric acid crys-
tals released from injured cells [8-10], was observed in BALF (Fig 1A). In addition to IL-33,
these cytokines and DAMPs are secreted after intramuscular or subcutaneous administration
of alum [10, 13, 14]. Sustained activation of innate immunity promotes iBALT formation and
causes toxic reactions, such as sustained IgE Ab production [15]. In contrast to IL-1a, the
release of IL-33 was temporarily observed within 24 h of vaccination (Fig 1A). Furthermore,
IL-33 contributed to IgE Ab production when administered with OVA (Fig 1C) but not in
response to the split influenza vaccine (Fig 1C). This finding suggests that IL-33-mediated
innate immune activation may be suitable as a mucosal adjuvant. Taken together, these results
suggest that IL-33 is a key factor that characterizes adjuvant effects in alum nasal inoculation.

In 11337 mice, the enhancement of Ag-specific IgA Ab production by alum was abolished
without decreasing IL-1B, IL-1a, dsDNA, and IL-6 levels in BALF (Fig 1C and 1D). These
results suggest that IL-33 induces adjuvant effects independent of these DAMPs and cytokine-
mediated responses. In other words, the present study shows that the cytokines mainly
involved in the alum-associated mechanisms of allergy and pulmonary fibrosis might be differ-
ent from those involved in the induction of IgA production [9, 10, 18]. Previously, LPS-
induced production of proinflammatory cytokines is increased in mice lacking the IL-33
receptor ST2 [38]. In this study, increased IL-1f production was observed in IL-33-deficient
mice in response to alum administration compared with WT mice, which can be inferred to
be a result of ST2-mediated regulation of TLRs and downstream signals.

A previous study demonstrated that DNA released due to host cell death indirectly induces
an immune response via IL-33 [39]. Nasal inoculation with alum induced the release of
dsDNA in the BALF (Fig 1A). The adjuvant effects of dsSDNA were abolished by DNase I treat-
ment (Fig 1F); however, the adjuvant effects of alum were not abolished by DNase I treatment
(Fig 1F). Furthermore, no decrease in the BALF dsDNA concentration was observed in alum-
treated 1133”7 mice compared with alum-treated WT mice (Fig 1E). From this finding, it is pre-
dicted that unlike intraperitoneal administration and intramuscular administration [13, 14],
dsDNA released due to alum nasal administration contributes little to the induction of Ag-spe-
cific IgA Ab production.
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Alum leads to necroptosis in alveolar macrophages by intratracheal infusion and that IL-1a.
is released in the lung, resulting in the induction of iBALT formation [15]. In this study, alum
induced dose-dependent decreases in alveolar macrophages in BALF (Fig 2A). As in previous
reports [15], alum-stimulated cell death of primary alveolar macrophages was observed (Fig
2C). Alum concentration- and stimulation time-dependent release of IL-1a was also observed
(Fig 2C). However, in vitro experiments in alveolar macrophages revealed that IL-33 was not
released from alveolar macrophages or necroptosis (Fig 2F). Furthermore, the intracellular
protein level of IL-33 was lower than that of IL-10. Immunofluorescence staining showed that
IL-33 was strongly expressed in alveolar epithelial cells in the lungs (Fig 3). Furthermore, anal-
ysis using primary alveolar epithelial cells revealed that IL-33 secretion from alveolar epithelial
cells due to alum is induced by necroptosis. This suggests that the mechanism by which alum
elicits characteristic immune responses depending on the inoculation site might be rooted in
differences in the expression patterns of DAMPs at the inoculation site. Analyzing the immune
induction mechanism based on the difference in released DAMP types depending on the inoc-
ulation site is an important issue for investigation in the future.

The mechanisms through which alum induces cell death in alveolar epithelial cells are
unclear. We found that GSK’872 or necrosulfonamide significantly blocked both IL-33 secre-
tion and cell death (Fig 3D), indicating that alum-induced cell death was RIP3K-and MLKL-
dependent. However, necrostatin-1 did not suppress alum-induced IL-33 secretion and cell
death in alveolar epithelial cells (Fig 3D). Therefore, we suggest that alveolar epithelial cell
death is RIPK3-dependent, but RIP1K-independent necroptosis. Although RIP1K is required
for TNF-induced RIP3K activation, it is not a prerequisite for TLR3-or interferon (IFN)-
induced necroptosis [40]. In addition, alum-induced alveolar macrophage necroptosis is
RIP3K-dependent but RIP1K-independent [15]. Taken together, these observations suggest
that alum can induce necroptosis in some cells in a RIP3K-dependent but RIP1K-independent
manner.

IL-33 has previously been reported to increase Th2 cytokine secretion upon intraperitoneal
immunization with alum [22]. In addition, as reported, intraperitoneally injected alum-
induced IL-33 has only a small effect on Ag-specific IgG1 Ab production. In this study, the
Ag-specific IgA Ab production-inducing effects of alum almost completely disappeared in
1133”7 mice (Fig 1C), indicating that IL-33 is crucial for the mucosal adjuvant action of alum,
unlike intraperitoneal administration [22]. This may mean that IL-33 is linked to adjuvant
action for intranasal routes but not for all inoculation routes. Intraperitoneal administration of
alum leads to dsDNA release from dead cells and is important for Ag-specific Ab production
[13], indicating that dsDNA is more important than IL-33 in eliciting adjuvant effects for
intraperitoneal administration of alum. In contrast, this study showed that the role of IL-33
was more prominent than that of dsDNA in alum intranasal administration (Fig 1C and 1F).
To explain the characteristic adjuvant effects depending on the inoculation site, it is necessary
to analyze not only the released DAMP characteristics but also the types of cells on which
DAMPs act.

IL-33 is important for eliciting mucosal adjuvant activity of HP-B-CD in the lungs [25]. The
report also demonstrates the importance of IL-33 extracellular release rather than increasing
its gene expression levels. Furthermore, HP-B-CD has been shown to not induce the release of
IL-1a in the lungs [25]. However, the effect of IL-33 on APCs and the mechanism of induction
of acquired immunity have not been verified. In this study, we analyzed the effects of IL-33 on
APCs and the cell types involved in vaccination-induced acquired immunity in vivo. Although
it has been verified in subcutaneous and intramuscular administration experiments that alum
enhances Ag retention and Ag uptake by macrophages [4, 5], the present study revealed that
alum or IL-33 administration does not enhance Ag uptake by intranasal administration
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(Fig 5A and 5B). We speculated that this phenomenon would be partially reflected in the death
of alveolar macrophages due to alum administration, as indicated in Fig 2A. The ability to
present Ag is important for the construction of acquired immunity. We also found that alum
increased MHC class II expression in OVA-uptake cells (Fig 6B). In addition, IM accounted for
most of the OVA-uptake cells, with small numbers of CD103" DCs, and CD11b* DCs. IL-33
enhances the Ag-presenting ability of DCs via its receptor ST2 [41, 42]. In this study, it was
revealed that most of the Ag-uptake cells were ST2-expressing cells (Fig 6C), suggesting that Ag
presentation might be enhanced by IL-33. In support of this hypothesis, when alum was adminis-
tered to I133”" mice, the increase in the MHC class IT expression level of OVA uptake cells
observed in WT mice disappeared (Fig 6B), indicating that APCs might be activated via IL-33
and ST2. However, IM accounted for OVA uptake by cells, but not DCs (Fig 6A). IL-33 polarizes
alternatively activated macrophages in the lungs [38], suggesting that Ag uptake in the IM might
be activated by ST2. In contrast, IL-33 also promotes Th2 cell activation through increased
expression of OX40L expressed on DCs [34, 43]. Analysis of OX40L expression levels in lung
cells after alum administration did not show an increase in OX40L expression levels (54 Fig).
This suggests that increased expression of OX40L is not involved in eliciting the mucosal adju-
vant effects of alum.

ST2 is a receptor for IL-33 and is expressed in various cells, such as ILC2s, Th2 cells, mast
cells, DCs, and macrophages [41]. ILC2s produce and secrete IL-5 and IL-13 in response to IL-
33, which induces Th2 immunity [42]. IL-5 is critically involved in the enhancement of IgM
production in mucosal immunity [44]. Recombinant IL-33 protein nasal inoculation increased
IL-5 and IL-13 expression levels in ILC2s, and a similar phenomenon was observed with alum
(Fig 4B and 4C). This study first suggests the importance of IL-33-mediated ILC2 activation as
a mechanism for eliciting mucosal adjuvanticity. From the perspective of vaccine develop-
ment, the regulation of acquired immunity is also important for sustained Ag-specific IgA Ab
production, and elucidation of the effect of IL-33 on T cells and B cells is an important issue
for future investigations.

IL-33 promotes IL-12 secretion from natural killer (NK) cells [45] and positively regulates
IFN-y production in CTLs [46] and NK cells [47]. In contrast, IL-33 acts as a negative regula-
tor of cell-mediated immunity induced by intramuscular administration of nanoparticle adju-
vants [23]. These findings suggest that IL-33 may regulate both cell-mediated and humoral
immunity in a complex manner. Thus nasally administered alum-induced IL-33 may regulate
not only IgA Ab production but also pulmonary CTL regulation. This is an important issue for
future research.

In conclusion, this study is the first to reveal that IL-33 is important for the Ag-specific IgA
Ab production-enhancing effects of alum in nasal administration. Furthermore, alum has
been suggested to induce necroptosis of alveolar epithelial cells, followed by the release of IL-
33, which enhances Ag-specific IgA Ab production by activating ILC2s and increasing the
MHC class IT level of Ag uptake by APCs. Together with findings from previous studies, it is
suggested that characterizing the released DAMPs is critical to identifying the action of the
adjuvant, and DAMPs may be the key factor explaining the inoculation route-specific immune
response in vaccinations. These findings are important for controlling the efficacy and safety
of adjuvant development.

Methods
Ethics statement

The animal experiments were performed according to the guidelines of the Institutional Ani-
mal Care and Use Committee of the National Institute of Infectious Diseases, Tokyo, Japan.
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The animal experimental protocols were reviewed and approved by the Institutional Animal
Care and Use Commiittee of the National Institute of Infectious Diseases (approval numbers
117099 and 120100).

Reagents

The influenza A virus (A/California/7/2009; HIN1) SV was generously provided by the Kitasato
Institute (Tokyo, Japan). The following commercially available adjuvants were used: aluminum
hydroxide gel (Alhydrogel, alum) obtained from InvivoGen (San Diego, California, USA).
NanoSiO, (particle size 10-20 nm) was obtained from Sigma-Aldrich (St. Louis, Missouri,
USA). MIN-U-SIL5 silica was purchased from U.S. Silica (Berkeley Springs, West Virginia,
USA). PVNO was purchased from Polysciences (Warrington, Pennsylvania, USA). Necrosta-
tin-1 was purchased from Sigma-Aldrich. Necrosulfonamide was purchased from Cayman
Chemical (Michigan, USA). GSK’872 was purchased from Abcam (Cambridge, UK). LPS (from
Escherichia coli O55:B5, purified using phenol extraction) was purchased from Sigma-Aldrich.
Low-endotoxin OVA (<1.0 endotoxin unit/mg) was purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). DQ-OVA, which is a self-quenched conjugate of OVA
that exhibits bright green fluorescence upon proteolytic processing due to the released dye mol-
ecules, was purchased from Invitrogen (Carlsbad, California, USA). HP-B-CD (degree of substi-
tution: 4.3) was generously provided by Nihon Shokuhin Kako Co., Ltd. (Tokyo, Japan). SA was
purchased from Otsuka Pharmaceutical Co., Ltd. (Tokushima, Japan). RPMI 1640 medium
containing 2 mM L-glutamine (Life Technologies, Carlsbad, California, USA) supplemented
with 10% v/v heat-inactivated filter-sterilized FCS (GE healthcare, South Logan, Utah, USA)],
50 U/mL penicillin, and 50 pug/mL streptomycin (Life Technologies) was used to prepare com-
plete RPMI 1640 medium for freshly isolated alveolar macrophages. Primary alveolar epithelial
cells were cultured in DMEM containing 2 mM L-glutamine (Life Technologies) supplemented
with 10% v/v heat-inactivated filter-sterilized FCS (GE healthcare), 50 U/mL penicillin, and

50 pg/mL streptomycin (Life Technologies). Type IV collagenase was purchased from Invitro-
gen, and RNase-free recombinant DNase I was purchased from Sigma-Aldrich. Carrier-free
recombinant mouse IL-33 protein was purchased from BioLegend (San Diego, California,
USA). The fluorescent conjugated monoclonal Abs used for FACS were as follows: fluorescein
isothiocyanate (FITC)-conjugated B220 (clone RA3-6B2), FITC-conjugated FceRI (clone
MAR-1), FITC-conjugated CD3e (clone 145-2C11), FITC-conjugated SiglecF (clone S170072),
FITC or Alexa fluor700-conjugated CD11b (clone M1/70), allophycocyanin (APC)-Cy7-conju-
gated CD45.2 (clone 104), APC-conjugated ICOS (clone C398.4A), Brilliant Violet 421-conju-
gated ST2 (clone DIHY), Brilliant Violet 421-conjugated CD64 (clone X54-5/7.1), Brilliant
Violet 510-conjugated Ly6G (clone 1A8), FITC or APC-conjugated SiglecF (clone S17007L),
Brilliant Violet 421-conjugated F4/80 (clone BM8), Brilliant Violet 510, pacific blue or FITC-
conjugated CD103 (clone 2E7), pacific blue, APC-Cy7 or Brilliant Violet 510-conjugated I-A/
I-E (clone M5/114.15.2), phycoerythrin (PE)-conjugated IL-5 (clone TRFK5), and APC-conju-
gated OX40L (clone RM134L) were from BioLegend; FITC-conjugated CD24 (clone 30-F1),
APC- or APC-eFluor 780-conjugated CD11c (clone N418), APC-eFluor 780-conjugated F4/80
(clone BM8), PE-conjugated CD45 (clone 30-F11), and PE-conjugated IL-13 (clone eBiol13A)
were from eBioscience/Thermo Fisher Scientific (Waltham, Massachusetts, USA); and APC-
conjugated CD24 (clone M1/69), FITC-conjugated CD11c (clone N418) and PE-conjugated
I-A/I-E (clone M5/114.15.2) were purchased from Invitrogen.
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Mice

Six to eight-week-old female BALB/c mice (16-22 g) were obtained from Japan SLC, Inc.
(Tokyo, Japan). 133" mice (BALB/c background) generated in a previous study [48] were
kindly provided by Prof. S. Akira (Laboratory of Host Defense, World Premier International
Immunology Frontier Research Center, Osaka University, Osaka, Japan) and bred in-house.
All animals were pathogen-free and maintained in individually ventilated cages. The cages
were maintained at 23 + 1°C and 50 + 10% relative humidity under a 12 h light/12 h dark
cycle. The mice were acclimated for at least 3 days before the experiments commenced. In all
experiments, BALB/c and 133" mice were age-matched (7-12 weeks old).

Mouse genomic DNA preparation

According to a previous study [49], mouse genomic DNA was isolated from spleens excised
from female BALB/c mice using a NucleoSpin Tissue kit (Takara Bio, Tokyo, Japan) according
to the manufacturer’s protocol. The prepared genomic DNA was verified using agarose gel
electrophoresis. DNA quantification and purity were assessed using a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Waltham, Massachusetts, USA). The prepared mouse geno-
mic DNA was used as dSDNA by mixing with SV for the immunization study.

Immunizations

The diagrams for immunizations are shown in S5 Fig. The mice were anesthetized by intraper-
itoneal injection of 100 mg/kg ketamine (Ketalar; Daiichi-Sankyo Co., Ltd., Tokyo, Japan) and
10 mg/kg xylazine (Selactar; Bayer, Ltd., Tokyo, Japan), followed by intranasal immunization
with SV, OVA, or DQ-OVA with or without adjuvant under anesthesia. The nasal administra-
tion volume was 15 pL for each nostril. Alum (100 pg/mouse), NanoSiO, (100 pg/mouse),
recombinant mouse IL-33 (500 ng/mouse), or dsSDNA (2 pg/mouse) were mixed with SV or
OVA. The SV, OVA, and adjuvant concentrations were adjusted by dilution with SA at a dos-
ing volume of 30 pL/mouse. Dosing amounts of antigen protein (SV and OV A) were unified
to 1 pg protein/mouse and 50 pg protein/mouse, respectively. For immunization, mice were
primed on day 0 and boosted on day 14 with the same formulations. On day 28, the mice were
euthanized via cervical dislocation, and BALF and blood samples were collected. BALF sam-
ples were obtained by washing the lung with 1.0 mL of PBS containing 0.1% BSA. Then, the
samples were centrifuged at 1,000 x g for 15 min, and the supernatant was collected and stored
frozen at —80°C until the measurement of Ag-specific Ab and cytokines. Sera were isolated
using a Capiject (Terumo Medical Corporation, Somerset, New Jersey, USA). For in vivo
DNase I treatment, 3 and 18 h after immunization, the mice were intranasally administered
600 IU of RNase-free recombinant DNase I as described in a previous report [49]. On day 14
after immunization, BALF and blood samples were collected and prepared as described above.
For DAMP analyses, sample collection was conducted at 0, 3, 6, 24, or 48 h after primary intra-
nasal administration.

Cytokine and dsDNA analyses of BALF

To evaluate the levels of dsDNA, IL-33, IL-1B, IL-6, and IL-1o. in BALF, the mice were injected
intranasally with SA, alum (50, 10, 50, or 100 pg/mouse), or NanoSiO, (100 ug/mouse). In
some experiments, PVNO was intranasally coadministered with alum or NanoSiO, at a dose
of 100 pg/mouse, according to a previous report [15]. BALF samples were collected at 0, 3, 6,
24, and 48 h after administration. The levels of IL-1a, IL-1f, and IL-6 were measured using
ELISA Kkits (BioLegend) in accordance with the manufacturer’s instructions. The levels of IL-
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33 were measured according to a previously reported method [25]. Briefly, 96-well plates were
coated with 2 pg/mL purified anti-mouse IL-33 antibodies (clone Poly5165; BioLegend) in
PBS overnight at 4°C. They were then washed with PBS containing 0.05% Tween-20 and incu-
bated for 1 h with blocking buffer (PBS containing 5% FCS). After blocking, the plates were
washed and incubated with diluted BALF or recombinant IL-33 overnight at 4°C. They were
then washed again and incubated for 1 h with 0.5 pg/mL biotin-conjugated anti-mouse IL-33
antibody (clone Poly5165; BioLegend) in PBS with 1% BSA. The plates were washed again and
incubated for 20 min with horseradish peroxidase-conjugated avidin. After a final wash, the
samples were incubated with a reagent from the TMB Microwell Peroxidase Substrate System
(KPL, Gaithersburg, Maryland, USA) to initiate the color reaction, in accordance with the
manufacturer’s protocol. The reaction was stopped by the addition of 2 N H,SO,, and the opti-
cal density was measured at 450 nm (OD450). dsDNA in BALF was measured using the
Quant-iT Picogreen dsDNA Assay Kit (Invitrogen, San Diego, California, USA) in accordance
with the manufacturer’s instructions.

FACS analysis of BALF

The BALF obtained was centrifuged at 300 x g for 10 min to separate the cells and fluids. For
the analysis of cells in BALF, the cells were suspended in FACS buffer (5% FCS containing
PBS) with anti-CD16/CD32 mAbs (Miltenyi Biotec, San Diego, California, USA) and stained
with antibodies for 30 min on ice in the dark. Detailed information on the fluorescently conju-
gated monoclonal Abs is provided in the reagent section. The cells were washed twice with
FACS buffer, resuspended in propidium iodide (BD Biosciences, San Diego, California, USA)
containing FACS buffer, and then analyzed using a CytoFLEX flow cytometer (Beckman Coul-
ter Inc., California, USA). Live cells (propidium iodide-negative cells) were also analyzed. The
acquired data were analyzed using Flow]o software (TreeStar, San Carlos, California, USA).
The gating strategy (S1 Fig) was created based on previous reports [15, 50].

Measurement of antigen-specific antibody concentrations

SV Ag-specific Abs in the nasal wash, BALF, and serum samples were determined using
ELISA, as previously described [51, 52]. Briefly, 96-well Falcon microtest assay plates (BD Bio-
sciences, San Jose, California, USA) were coated with a recombinant influenza A HIN1 (A/
Puerto Rico/8/34, PR8) hemagglutinin (HA) protein (Sino Biological Inc., Beijing, China) or
purified A/New Caledonia/20/99; HIN1 HA protein (Kitasato Institute, Tokyo, Japan) at a

1.0 ug/mL concentration. After blocking (using 1% BSA in PBS), twofold serial dilutions of the
samples or mouse anti-PR8 HA monoclonal Ab used as a standard (Sino Biological, North
Wales, Pennsylvania, USA) were added and incubated overnight at 4°C. Horseradish peroxi-
dase-labeled goat anti-mouse IgG1, IgG2a, or IgA Abs (Southern Biotechnology Associates,
Birmingham, Alabama, USA) were added, and the color was allowed to develop for 15 min at
room temperature in 100 pL of 1.1 mM 2,2-azino bis (3-ethylbenzothiazoline-6-sulfonic acid)
(EMD Biosciences, La Jolla, California, USA). The antibody concentration was calculated
based on a standard curve plotted using data obtained from experiments with mouse anti-PR8
HA monoclonal antibody and recombinant PR8 protein-coated 96-well plates. In particular,
the sample was serially diluted, and the antibody concentration was determined from the stan-
dard curve using a range within which the absorbance and dilution concentration were linear
(¥ > 0.95). The concentrations of OV A-specific IgE Abs in BALF and sera were determined
using the LEGEND MAX Mouse OVA Specific IgE ELISA Kit (BioLegend) in accordance with
the manufacturer’s instructions.
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Influenza virus infection

The mice were primed on day 0 and boosted on day 14 with the same formulations described
above. Fourteen days after the final immunization, the mice were anesthetized by intraperito-
neal injection of ketamine and xylazine and then intranasally infected with A/California/7/
2009 [A(HIN1)pdmO09] influenza virus at a dose of 10 x LD50 in a volume of 50 pL/mouse. A
diagram for immunization and virus challenge is shown in S5 Fig. All mice were monitored
daily for survival and body weight loss until 10 days after infection. The humane endpoint was
set at 25% body weight loss relative to the initial body weight at the time of infection.

Primary culture cell preparation

Mouse alveolar macrophages were obtained as described previously [53]. Briefly, the lung was
flushed with 0.75 mL of 37°C warmed with 2 mM EDTA and 2% FCS containing PBS 10
times. The cells were collected via centrifugation at 300 x g for 5 min at 4°C, and the superna-
tant was removed. The cells were resuspended in RPMI 1640 medium containing 10% FCS,
seeded at a density of 5 x 10° cells/mL, and maintained at 37°C and 5% CO,. Two hours after
seeding, the supernatant was removed. Adherent cells were used as the freshly isolated alveolar
macrophages. The purity of the alveolar macrophages was determined via FACS analysis (S1
Fig). Alveolar epithelial cell isolation was performed as described previously [54]. Briefly, the
lungs were perfused with SA. Perfused lungs were lavaged once with 1.2 mL of dispase solution
(BD Biosciences, 5 U/mL in 25 mM HEPES containing RPMI 1640), filled with fresh Dispase
solution via a tracheal catheter, and allowed to collapse naturally. Low-melt agarose (1% w/v,
0.6 mL, 42°C) was instilled, and the lungs were immediately covered with crushed ice for 2-3
min. The lungs were removed and incubated in 2 mL of dispase solution at room temperature
for 45 min on a shaker. The lungs were then teased apart and treated with 5 U/mL DNase I
(Invitrogen). The digest was successively filtered through a 40 um strainer and a 15 pm nylon
mesh. Contaminating leukocytes and macrophages were depleted using MACS with biotiny-
lated anti-CD45 (clone 104), anti-CD11c (clone N418) Abs (BioLegend), and streptavidin
paramagnetic microbeads (Miltenyi Biotec). Purities were assessed using FACS analysis, and
an average of > 98% was CD31 CD45" cells. Approximately 80% of the cells were EpCAM™
cells, which are alveolar epithelial cells. The cells obtained were seeded into fibronectin-coated
plates and cultured in DMEM supplemented with 10% FCS and antibiotics. The cells were
used for assays within 48 h after seeding because the cells gradually differentiated into type 1
epithelial cells [55].

Primary culture cell assay

For fleshly isolated alveolar macrophages, the cells were stimulated with 100 or 200 pg/mL
alum, 100 ug/mL MIN-U-SIL5, or 1 ug/mL LPS for 6 or 12 h. In some experiments, an inhibi-
tor (5 uM GSK’872 or 20 pg/mL PVNO) was added to alveolar macrophages together with
alum or MIN-U-SIL5. The concentrations of particles, LPS, and inhibitors were determined
according to a previous report [15]. After stimulation, the cell-free supernatants were collected
and used for ELISA or cytotoxicity assays. For primary alveolar epithelial cells, the cells were
stimulated with 50 or 100 pg/mL alum or 10% w/v HP-B-CD for 5 h. In some experiments, an
inhibitor (5 uM GSK’872, 20 uM necrosulfonamide, or 100 uM necrostatin-1) was added to
alveolar epithelial cells together with alum. After stimulation, the cell-free supernatants were
collected and used for ELISA or cytotoxicity assays. ELISAs for IL-33 and IL-1o. were per-
formed as described above for the BALF cytokine analyses. Cytotoxicity was assessed using the
Cytotoxicity LDH Assay Kit-WST (Dojindo, Kumamoto, Japan) in accordance with the manu-
facturer’s instructions.
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Immunofluorescence staining

To stain the lung tissues, the lungs were inflated from the bronchi with OCT Tissue-Tek
(Sakura Finetek Japan, Tokyo, Japan) diluted 1:4 in PBS, embedded in OCT, and frozen in lig-
uid nitrogen. The embedded tissues were stored at -80°C until analysis. Frozen sections

(12 pm) of the isolated lung specimens were prepared, fixed, and permeabilized using the BD
Cytofix/Cytoperm Plus Fixation/Permeabilization Kit (BD Biosciences) according to the man-
ufacturer’s instructions [15]. The lung specimens were incubated overnight at 4°C with puri-
fied goat anti-mouse IL-33 polyclonal antibodies (Poly5165, BioLegend) or Armenian hamster
anti-mouse IL-1o. monoclonal antibody (clone ALF-161, BioLegend), rabbit anti-mouse Pro-
SP-C polyclonal antibodies (Abcam, Massachusetts, USA, product number: ab90716), and rat
anti-mouse F4/80 monoclonal antibody (clone CI:A3-1, Abcam). After washing with 5% FCS
containing PBS, we stained them with Alexa Fluor488-conjugated donkey anti-goat IgG or
goat anti-Armenian hamster IgG, Alexa Fluor647-conjugated donkey anti-rat IgG, and Alexa
Fluor546-conjugated donkey anti-rabbit IgG (Invitrogen) for 1 h, washed with 5% FCS con-
taining PBS, and mounted in Vector Mount with DAPI (Vector Laboratories, Burlingame,
California, USA). Images were captured using an Olympus BX53 fluorescence microscope
(Olympus, Tokyo, Japan). Adobe Photoshop (Adobe Systems, San Jose, California, USA) was
used to adjust the brightness and contrast (changes were applied to the entire image equally).
To calculate cell populations, more than 100 IL-1a." or IL-33" cells were counted in specimens
from each animal. Among them, F4/80", Pro-SP-C", and F4/80 ProSP-C" cells were counted,
and the ratios of each population were calculated.

Single-cell suspension preparation for flow cytometry analyses

For all experiments for flow cytometry analyses, immediately before collection, the lungs were
perfused with PBS through the apex of the heart before tissue collection, and the lungs were
inflated through the bronchi with 1 mL of digestion solution composed of 25 mM HEPES con-
taining RPMI 1640 (Invitrogen) with 5% FCS, 10 ug/mL DNase I (Roche, Basel, Switzerland),
and 1 mg/mL collagenase IV (Invitrogen). The inflated lung was placed on 2 mL of digestion
solution and minced, followed by digestion for 45 min at 37°C with shaking. The reaction was
stopped by placing the sample on ice with 2 mM EDTA in solution. Single-cell suspensions of
lung tissue were prepared by individually mashing the tissues through a 70 pm cell strainer.
The cells were pelleted at 300 x g for 15 min at 4°C. The supernatant was then removed. The
single-cell suspensions were also RBC-lysed with ammonium chloride solution (StemCell
Technologies, Vancouver, Canada) for 1 min at RT. The RBC lysates were stopped by adding a
10-fold volume of ice-cold FACS buffer (5% FCS containing PBS). The cells were pelleted at
300 x g for 15 min at 4°C. The cells were washed twice with ice-cold FACS buffer and sus-
pended in FACS buffer.

Flow cytometry analyses

Single-cell suspensions were incubated with fluorescently conjugated mAbs against mouse
antigens for 30 min at 4°C. Detailed information on the antibodies is provided in the reagent
section. The cells were washed twice with ice-cold FACS buffer. To exclude dead cells, the cells
were suspended in propidium iodide-containing FACS buffer immediately before analysis.
For intracellular staining, the cells were incubated for 4-6 h with 10 mg/mL brefeldin A
(Sigma-Aldrich), 10% FCS, and 25 mM HEPES containing RPMI 1640 at 37°C. The cells were
washed with FACS buffer and resuspended in FACS buffer. Fixable viability stain 510 (BD Bio-
sciences) was used for viability staining according to the manufacturer’s instructions. After
anti-CD16/CD32 mAb (Miltenyi Biotec) treatment, the cells were stained with antibodies
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against cell surface markers in FACS buffer for 30 min at 4°C. The cells were washed with
FACS buffer before fixation and permeabilization using the BD Cytofix/Cytoperm Plus Fixa-
tion/Permeabilization Kit (BD Biosciences) according to the manufacturer’s instructions. The
cells were stained with mAbs against IL-13 (eBiol3A) and IL-5 (TRFK5), washed with PBS,
and resuspended in FACS buffer for acquisition. Samples were run on a CytoFLEX Flow
Cytometer (Beckman Coulter Inc.) and analyzed using FlowJo software (TreeStar). Gating
strategies were created based on previous reports [48, 56].

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 6.0; GraphPad
Software, La Jolla, California, USA). An unpaired Student’s t-test was used to compare the
means of the two groups. The means of three or more groups with one variable were compared
using one-way ANOVA. Where significant differences were observed, Dunnett’s multiple-
comparison test was used to identify differences between the control group and other groups
with an unequal number of samples. Data with values of p < 0.05 were considered significant.
Graphs of the results are shown as the mean + SEM of untransformed data using GraphPad
Prism 6.0 software (GraphPad Software).

Supporting information

S1 Fig. Gating strategies used for FACS analysis of eosinophils and neutrophils after vacci-
nation with primary alveolar macrophages. (A) Gating strategies used for the FACS analysis

of eosinophils and neutrophils. (B) Gating strategies used for FACS analysis of primary alveo-

lar macrophages and associated impurities. Relative to Fig 2.

(TIF)

S2 Fig. Effects of lysosome stabilizer on DAMP secretion by intranasal administration of
fine particles. Mice were intranasally administered 100 mg/mouse of alum or NanoSiO, with
or without 100 pg/mouse PVNO. At 6 or 24 h after administration, the BALF was collected to
analyze the DAMPs. Concentrations of IL-1c. (A) and IL-33 (B) were determined using
ELISA. The data are from two independently performed experiments (A and B), and the error
bars are presented as the mean (+ SEM) of four mice per group (A and B). The student’s ¢-test
was performed to determine the differences between the PVNO™ and PVNO™ groups. *p <
0.05. Relative to Fig 2.

(TIF)

S3 Fig. Gating strategy for mouse alveolar epithelial cells and APCs, and analyses of APC
population after alum intranasal administration. (B) Gating strategies used for the FACS
analysis of mouse alveolar epithelial cells. Relative to Fig 3. (B) Gating strategies used for FACS
analysis of alveolar macrophages (AMs), CD103" DCs, interstitial macrophages, and CD11b"*
DCs. Relative to Figs 5-6 and S3. Evaluation of APCs after intranasal administration of alum
Mice were intranasally administered with SV with or without 100 ug/mouse alum. At 24 h
after administration, the lungs were collected to analyze the APCs. The APC percentages of
CD45" cells were determined for each group. The data are from three independently per-
formed experiments (C), and the error bars are presented as the mean (+ SEM) of three mice
per group (C). Significance was assessed using one-way ANOVA and Dunnett’s multiple-com-
parison test to determine the differences between SA and the other groups. **p < 0.01 and
***p < 0.001 compared with SV group. *p < 0.05. Relative to Fig 5.

(TIF)
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S4 Fig. Evaluation of OX40L expression after intranasal administration of alum. Mice were
intranasally administered SV with or without 100 pg/mouse alum. At 24 h after administra-
tion, the lungs were collected to analyze OX40L expression. The OX40L MFI of the total
mononuclear cells was determined for each group. The data are from three independent
experiments, and error bars are presented as the mean (+ SEM) of three mice per group. Sig-
nificance was assessed using one-way ANOVA and Dunnett’s multiple-comparison test to
determine the differences between SA and the other groups. Relative to Fig 6.

(TIF)

S5 Fig. Schematic diagram of the immunization studies related to Fig 1.
(TIF)
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