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Abstract

We previously demonstrated that Alcaligenes-derived lipid A (ALA), which is produced from an
intestinal lymphoid tissue-resident commensal bacterium, is an effective adjuvant for inducing
antigen-specific immune responses. To understand the immunologic characteristics of ALA as a
vaccine adjuvant, we here compared the adjuvant activity of ALA with that of a licensed adjuvant
(monophosphoryl lipid A, MPLA) in mice. Although the adjuvant activity of ALA was only slightly
greater than that of MPLA for subcutaneous immunization, ALA induced significantly greater

IgA antibody production than did MPLA during nasal immunization. Regarding the underlying
mechanism, ALA increased and activated CD11b* CD103- CD11c* dendritic cells in the nasal tissue
by stimulating chemokine responses. These findings revealed the superiority of ALA as a mucosal
adjuvant due to the unique immunologic functions of ALA in nasal tissue.
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Introduction various pathogens that invade through mucosal tissues (3),
such as influenza (4), coronavirus disease (COVID-19) (5),
and human immunodeficiency virus (6). These properties of
mucosal vaccines make them more advantageous than other
types of vaccines. Currently, eight licensed oral vaccines are
available (which prevent cholera, salmonella, poliovirus, and
rotavirus), but only a single intranasal vaccine (against influ-
enza) is approved for clinical use (7). Several additional mu-
cosal vaccines are in development or clinical trials (8, 9).

Currently, most vaccines are administered subcutaneously or
intramuscularly to induce potent systemic immunity (1), but
these vaccines produce only weak mucosal immunity (2). In
contrast, oral and nasal mucosal vaccines can induce both
mucosal and systemic immunity (3). Because the mucosal tis-
sues are the first line of defense against many pathogens, the
mucosal immunity induced by mucosal vaccines is superior to
that from systemic vaccines in terms of the protection against
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Among the components of vaccination, the adjuvant is
an indispensable element, which can enhance innate and
adaptive immunity (10). To achieve successful immunity in
the host, injection-type vaccines require the use of an ef-
fective and safe adjuvant. Current candidate adjuvants in-
clude those carrying danger-associated molecular patterns
and pathogen-associated molecular patterns (11). Among
them, monophosphory! lipid A (MPLA) from Salmonella
minnesota R595 is a licensed adjuvant used in the human
papillomavirus (12) and hepatitis B virus (13) vaccines. MPLA
exerts its adjuvant activity by recognizing Toll-like receptor 4
(TLR4) on antigen-presenting cells, such as dendritic cells
(DCs), and enhancing innate immunity (14, 15). Activated
DCs subsequently prime CD4+ and CD8* T-cell responses to
boost adaptive immunity (14, 16). This process improves im-
mune responses against antigens and establishes immuno-
logic memory.

In our previous reports, we identified a commensal bac-
terium, Alcaligenes spp., in the gut-associated lymphoid
tissue of Peyer’s patches (17). A membrane component of
Alcaligenes, lipopolysaccharide (LPS), and its active site,
lipid A (ALA), showed sufficient safety in subcutaneous
and intranasal vaccination and exerted potent adjuvanticity
through the recognition of TLR4 (18-21). Alcaligenes LPS
was confirmed to be a mild agonist of TLR4, thus inducing
only low-grade DC-mediated inflammatory responses,
such as proinflammatory cytokine production and nitric
oxide generation (22). Synthetic ALA had a similar effect to
Alcaligenes LPS (23), activating DCs as an adjuvant with
minimal inflammatory response (19). In particular, ALA pro-
tected against respiratory infection due to Streptococcus
pneumoniae in a mouse model (20). These results imply that
ALA could be an effective systemic and mucosal vaccine
adjuvant.

The MPLA in clinical use has not been tested for adjuvant
efficacy with mucosal vaccines. In this study, we compared
the adjuvant activity of ALA and MPLA for intranasal adminis-
tration in mice and investigated the mechanisms underlying
these effects.

Methods

Mice

BALB/cAJcl mice were purchased from CLEA Japan, Inc.
(Tokyo, Japan) and housed under specific pathogen-
free conditions at the National Institutes of Biomedical
Innovation, Health, and Nutrition (Osaka, Japan). All
experiments were approved by the Animal Care and
Use Committee of the National Institutes of Biomedical
Innovation, Health, and Nutrition and were conducted ac-
cording to their guidelines.

Lipid A

Alcaligenes lipid A (ALA) was chemically synthesized as
described previously (23). MPLA from Salmonella minne-
sota R595 was purchased from InvivoGen (San Diego, CA,
USA). Both adjuvants were reconstituted in dimethyl sulfoxide
(Nacalai Tesque, Kyoto, Japan) at a concentration of 1 mg/ml
and stored at —30°C.

Vaccination

For intranasal vaccination, mice were immunized with 5 ug of
ovalbumin (OVA) with or without 1 pg of ALA or MPLA in 15
ul of phosphate buffered saline (PBS) on days 0, 7, and 14.
At 7 days after the last immunization, we collected serum,
nasal wash fluid, and bronchoalveolar lavage fluid from mice
for measurement of OVA-specific immunoglobulin A (IgA)
and IgG via enzyme-linked immunosorbent assay (ELISA).
For subcutaneous vaccination, mice were immunized with 1
pg of OVA with or without 1 ug of ALA or MPLA in 200 pl of
PBS on days 0 and 7. At 7 days after the last immunization,
serum was collected from mice for OVA-specific IgG ELISA
measurement.

Immunohistochemistry

Nasal-associated lymphoid tissue (NALT) and cervical
lymph nodes (CLNs) from intranasally immunized mice
were analyzed as described previously (20). Tissue sam-
ples were embedded in the Tissue-Tek O.C.T. Compound
(Sakura Finetek Japan, Tokyo, Japan), frozen with liquid ni-
trogen, and stored at —80°C until use. Frozen samples were
cut into 6-uym sections at —20°C by using a CM3050 S cryo-
stat (Leica Biosystems, Wetzlar, Germany). Sections were
fixed with 100% acetone (Nacalai Tesque, Inc.) for 1 min at
room temperature, washed twice with PBS for 5 min, and
blocked with 2% newborn calf serum (NCS; Equitech-Bio,
Kerrville, TX, USA) in PBS for 30 min at room temperature in
an incubation chamber. Sections were stained with peanut
agglutinin (PNA)-biotin (dilution, 1:100; Vector Laboratories,
Burlingame, CA, USA) and purified rat anti-mouse B220
(1:100; RA3-6B2, BioLegend, San Diego, CA, USA) in
sterile PBS containing 2% NCS overnight at 4°C in the in-
cubation chamber. After incubation, sections were washed
with PBS containing 0.1% Tween 20 and PBS for 5 min each
and stained with AF488-goat anti-rat 1gG (1:200; Thermo
Fisher Scientific) and AF546-streptavidin (1:200; Thermo
Fisher Scientific) in sterile PBS containing 2% NCS for
30 min at room temperature in the incubation chamber. After
two 5-min washes with PBS, sections were stained with
1 uM 4’,6-diamidino-2-phenylindole (DAPI) (AAT Bioquest,
Sunnyvale, CA, USA) for 10 min at room temperature in
an incubation chamber. Finally, sections were washed in
PBS for 5 min twice, mounted in Fluoromount (Diagnostic
BioSystems, Pleasanton, CA, USA), and covered with a
cover glass (Matsunami Glass USA, Bellingham, WA, USA).
Sections were examined under a fluorescence microscope
(BZ-X800; Keyence, Osaka, Japan).

Enzyme-linked immunosorbent assay

Flat-bottom 96-well immunoplates (Thermo Fisher Scientific,
Waltham, MA, USA) were coated with 1 mg/ml of OVA diluted
in PBS at 4°C overnight. After incubation, the plates were
blocked with 1% (w/v) bovine serum albumin (BSA; Nacalai
Tesque) in PBS for 2 h at room temperature. After blocking, the
plates were washed three times with PBS containing 0.05%
(v/v) Tween 20 (Nacalai Tesque). Samples were serially di-
luted with PBS containing 1% (w/v) bovine serum albumin
(BSA) and 0.05% (v/v) Tween 20, added to the plates, and



incubated for 2 h at room temperature. Plates were washed
three times with PBS containing 0.05% and then incubated
for 1 h at room temperature with horseradish peroxidase-
conjugated goat anti-mouse 1gG or IgA (Southern Biotech,
Birmingham, AL, USA) diluted in PBS containing 1% (w/v)
BSA and 0.05% (v/v) Tween 20. Plates were washed three
times with PBS containing 0.05% Tween 20 and then incu-
bated for 2 min at room temperature with tetramethylbenzidine
peroxidase substrate (SeraCare Life Sciences, Milford, MA,
USA); reactions were stopped by adding 0.5 N HCI (Nacalai
Tesque). Absorbance at 450 nm was measured by using an
iMark Microplate Absorbance Reader (Bio-Rad Laboratories,
Hercules, CA, USA).

Cell isolation and sorting

At 24 h after nasal or subcutaneous administration of mice
with 1 pg of ALA or MPLA, nasal and skin tissues were col-
lected as previously described (24-26). The nasal septum
was dissected from the skull and was treated with 2 mg/ml of
collagenase for 60 min at 37°C and then filtered through a cell
strainer. The skin was harvested from the injection area and
the area was calculated by using graph paper. The skin sam-
ples were treated with 2 mg/ml of collagenase for 60 min at
37°C and then filtered through a cell strainer. The separated
cells were used for flow cytometric analysis.

For the evaluation with antibodies to chemokines, 1 ug of
ALA or MPLA with or without 2 pg of anti-CCL2 (polyclone;
Abcam), 2 pg of anti-CCL3 (polyclone; Invitrogen), or
4 ug of anti-CCL4 (clone W15194A; BiolLegend) was ad-
ministered intranasally. After 24 h, nasal tissue was col-
lected and treated as described earlier for flow cytometric
analysis.

For sorting, cells were stained with 5 ug/ml anti-CD16/32
antibody and 7-AAD Viability Staining Solution (BioLegend,
San Diego, CA, USA) for 15 min at room temperature; stained
with BV421-anti-CD11c (clone N418; BioLegend), FITC-anti-
EpCAM (clone G8.8; BioLegend), and APC—-anti-CD45 (clone
13/2.3; BioLegend) for 30 min on ice; and sorted by using a
FACSAria lll (Becton Dickenson, Franklin Lakes, NJ, USA).
The sorted cells were used for quantitative polymerase chain
reaction (gPCR) analysis.

Quantitative polymerase chain reaction

Gene expression analysis of cytokines and chemokines in-
volved reverse transcription as described previously (27) and
gPCR assay according to the manufacturer’s instructions (Bio-
Rad). RNA was extracted from sorted cells by using Sepasol-
RNA | Super G (Nacalai Tesque) and chloroform (Nacalai
Tesque), precipitated with 2-propanol (Nacalai Tesque),
and washed with 75% (vol/vol) ethanol (Nacalai Tesque).
RNA samples were then incubated with DNase | (Invitrogen,
Carlsbad, CA, USA) to remove contaminating genomic DNA
and reverse-transcribed into cDNA (Superscript Il reverse
transcriptase, VIRO cDNA Synthesis Kit, Invitrogen). gPCR
analysis was performed on a CFX Opus 96 thermocycler
(Bio-Rad) by using SsoAdvanced Universal Probes Supermix
and PrimePCR Gapadh, Tir4, Csf2, Ccl2, Ccl3, and Ccl4 pri-
mers for mice with FAM probe (Bio-Rad) according to the
manufacturer’s protocol.
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Flow cytometric analysis

Cells were stained with 5 pg/ml anti-CD16/32 antibody (Fc
Block, clone 93; BioLegend) and 7-AAD Viability Staining
Solution (BioLegend) for 15 min at room temperature.

For the examination of cDCs, cells were then stained with
BV421-anti-CD11c (clone N418; BioLegend), FITC-anti-I-Ad
(clone AMS-32.1; Becton Dickenson), PE-anti-CD103
(clone M290; Becton Dickenson), PE-Cy7-anti-CD40 (clone
3/23; BioLegend), PE-Cy7-streptavidin (Becton Dickenson),
APC-anti-CD11b (clone M1/70; BioLegend), APC-Cy7-anti-
CD8a (clone 53-6.7; BioLegend), biotin—anti-CD80 (clone
16-10A1; Becton Dickenson), and biotin—anti-CD86 (clone
GL-1; Becton Dickenson) for 30 min on ice.

To assess cDC2As and cDC2Bs, cells were stained with
BV421-anti-CD11c (clone N418; BioLegend), FITC-anti-I-Ad
(clone AMS-32.1; Becton Dickenson), PE-anti-CD103 (clone
M290; Becton Dickenson), APC-anti-CLEC10A (CD301,
clone LOM-14; BioLegend), and APC-Cy7-CD11b (clone
M1/70; BioLegend) for 30 min on ice. To examine GC B cells,
cells were stained with BV421-anti-B220 (clone RA3-6B2;
BioLegend), FITC-anti-IgA (clone C10-3, Becton Dickenson),
PE-anti-CD3e (clone 145-2C11; Becton Dickenson), AF647—
anti-GL7 (clone GL7; BioLegend) for 30 min on ice. To evaluate
T,, cells, cells were then stained with BV421-anti-CD4 (clone
RM4-5; BioLegend), FITC-anti-CD3e (clone 145-2C11; Becton
Dickenson), PE-anti-PD-1 (clone 29F.1A12; BiolLegend),
PE-Cy7-anti-CD8a (clone 53-6.7; BioLegend) for 30 min on
ice. Stained cells then underwent flow cytometry (MACSQuant,
Miltenyi Biotec, Bergish Gladbach, Germany).

Statistics

All statistical analyses were performed by using PRISM 6
software (GraphPad Software, San Diego, CA, USA). Data
are shown as mean + 1 SD. Differences between ALA, MPLA,
and Mock groups were analyzed by one-way analysis of vari-
ance (ANOVA) followed by Tukey’'s multiple-comparisons
test. P < .05 was considered significant.

Results

ALA showed superior adjuvant activity in nasal immunization
in mice

We previously demonstrated that ALA is an effective adjuvant
for subcutaneous and nasal vaccination (19, 20). Here, we
compared the adjuvanticity of ALA with that of a licensed ad-
juvant, MPLA, in mice for both nasal and subcutaneous vac-
cines. In subcutaneous immunization, ALA induced higher
levels of OVA-specific IgG in serum than did MPLA (Fig. 1A);
although the differences between ALA and MPLA were statis-
tically significant, they were not clinically relevant.

In contrast, the nasal wash, bronchoalveolar lavage fluid,
and serum of mice nasal immunized with OVA plus ALA all
contained high levels of OVA-specific IgA antibody, whereas
only scant responses were induced in the Mock and MPLA
groups (Fig. 1B and Supplementary Fig. S1). Furthermore,
ALA also induced serum OVA-specific IgG antibodies, and
these levels were higher than those in the Mock and MPLA
groups (Fig. 1C). These results indicate that ALA was su-
perior to MPLA as a mucosal adjuvant in nasal immunization.
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ALA enhances germinal center formation in nasal
immunization

Efficient nasal immunity is associated with the generation of
germinal centers (GCs) in NALT and CLNs (28). The secre-
tion of IgA is due to IgA class switching of B cells supported
by the T, cells in GCs (29). Immunohistological analysis of
the nasally immunized mice revealed more GCs in the NALT
of the ALA group than the MPLA and Mock groups (Fig. 2A
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and Supplementary Fig. S2). Consistent with these results,
the percentages of both GC GL7" B cells and IgA* GL7"
B cells among total B cells were increased in the NALT of
the ALA group compared with the Mock and MPLA groups
(Fig. 2B and Supplementary Fig. S3A-B). In addition, the
percentage of PD-1" T, cells among total T cells in NALT
was greater in the ALA group than in the Mock and MPLA
groups (Fig. 2C and Supplementary Fig. S3C). These results
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Figure 1. For both intranasal and subcutaneous vaccination, Alcaligenes-derived lipid A (ALA) induced higher levels of antigen-specific anti-
bodies than did monophosphoryl lipid A (MPLA). In particular, ALA was superior for intranasal vaccination. (A) OVA-specific IgG in the serum of
mice vaccinated subcutaneously was evaluated by ELISA (n = 4). (B) OVA-specific IgA in the nasal wash of mice vaccinated intranasally was
evaluated by ELISA (n = 4). (C) OVA-specific IgG in the serum of mice vaccinated intranasally was evaluated by ELISA (n = 4). The data are
shown as the mean + 1 SD from two independent experiments; differences were analyzed by two-way analysis of variance (ANOVA; *P < .05,

*P< .01, **P<.001, ***P < .0001)..
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Figure 2. Intranasal administration of ALA increased the generation of GCs and the numbers of GC B cells, IgA* GL7" B cells, and T, cells in
NALT. (A) GCs (arrows) in NALT were analyzed through immunohistochemistry. PNA: GC marker; B220: B cell marker (n = 4) (scale bar = 200 um).
(B) The populations of GC GL7" B cells (gated on: CD3e~ B220* GL7") and IgA* GL7" B cells (gated on: CD3e- B220* GL7" IgA*) in NALT
were analyzed by flow cytometry (n=4). (C) The population of T, cells (gated on: CD3e* CD8a~ CD4* PD-1") in NALT was analyzed by flow
cytometry (n = 4). The data are shown as the mean + 1 SD from two independent experiments; differences were analyzed by one-way ANOVA

(*P< .05, *P< .01, ***P < .0001).
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demonstrate that ALA promoted the generation of GC in
NALT, with an increase in GC GL7" B cells, especially IgA*
GL7" B cells, and PD-1" T, cells, to induce the production of
IgA in the nose.

We also performed similar studies on the CLNs, which are
the draining lymph nodes during nasal immunity. Similar to
the findings for NALT, the generation of GCs, percentages
of GL7" B cells, IgA* GL7" B cells, and PD-1" T, cells in the
CLNs were greater in the ALA group than in the Mock and
MPLA groups (Fig. 3, Supplementary Figs. S4 and S5). These
results suggested that nasal vaccination with ALA-induced
GC generation in CLNs and increased the populations of GC
GL7" B cells, PD-1" T, cells, and IgA* GL7" B cells for sub-
sequent systemic immunity.

ALA promoted the infiltration and activation of CD11b*
CD103- CD11c* DCs in nasal tissue

We previously reported that ALA exerted adjuvant activity
through the activation of DCs (19). Therefore, we com-
pared the effects of ALA and MPLA on DCs to understand
the mechanism underlying ALA's superiority as a nasal vac-
cine adjuvant. We detected more CD11b* CD103- CD11c*
MHC Il cells, which are defined as subtype 2 conventional
DCs (cDC2s), in nasal tissue after the nasal administration of
ALA than of MPLA (Fig. 4A and Supplementary Fig. S6A). In
contrast, ALA did not affect the number of CD103* CD11b-
CD11c* MHC II* cells, which are considered as cDC1s, and
these cell counts were similar among the ALA, MPLA, and

A
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Mock groups (Fig. 4A and Supplementary Fig. S6A). In add-
ition, the cell densities of both cDC1s and cDC2s in the skin
were similar after subcutaneous administration of either ALA
or MPLA (Fig. 4B and Supplementary Fig. S6B).

Moreover, cDC2s can be further divided into cDC2A and
cDC2B subtypes, which have different functions during
immunity (30). We used C-type lectin domain family 10
member A (CLEC10A, CD301) as a marker to differentiate
cDC2As and cDC2Bs. Compared with cell counts in the
Mock group, intranasal administration of lipid A increased
the population of cDC2As (Fig. 4C). In addition, the cDC2A
population was larger after treatment with ALA than with
MPLA (Fig. 4C).

Next, we assessed the activation of DCs according to
the expression levels of co-stimulatory molecules (CD40,
CD80, and CD86) after intranasal administration with
ALA or MPLA. The expression of CD40 and CD80 was
upregulated on CD11b* CD103- CD11c* cells in the ALA
group, and these levels were higher than those in the MPLA
group (Fig. 5A and B), but both groups had little change
in the expression of CD86 (Supplementary Fig. S7A). After
subcutaneous administration of adjuvant, only the expres-
sion of CD40 was upregulated after stimulation by ALA or
MPLA; these levels were similar between adjuvants, and
neither ALA nor MPLA increased CD80 or CD86 expression
(Supplementary Fig. S7B-D). These results demonstrate
that intranasally administered ALA promoted greater infil-
tration and activation of CD11b* CD103- CD11c* DCs in
nasal tissue than did MPLA.
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Figure 3. Intranasal administration of ALA increased the generation of GCs and the numbers of GC B cells, IgA* GL7" B cells, and T, cells in
CLNs. (A) GCs (arrows) in CLNs were analyzed by immunohistochemistry. PNA: GC marker; B220: B cell marker (n = 4) (scale bar = 50 ym).
(B) The populations of GC GL7" B cells (gated on: CD3e~ B220* GL7") and IgA* GL7" B cells (gated on: CD3e~ B220* GL7" IgA*) in CLNs were
analyzed by flow cytometry (n = 4). (C) The population of T, (gated on: CD3e* CD8a~ CD4* PD-1") in CLNs was analyzed by flow cytometry
(n=4). The data are shown as the mean + 1 SD from two independent experiments; differences were analyzed by one-way ANOVA (*P < .05,
*P< .01, "*P<.001).
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Figure 4. Intranasal administration of ALA induced greater infiltration of type 2 conventional DCs (cDC2s) in nasal tissue than did MPLA.
(A) The numbers of CD103* CD11b- ¢cDC1s and CD11b* CD103- cDC2s due to intranasal adjuvant administration were evaluated by flow
cytometry (n = 3). (B) The density of CD103* CD11b- ¢cDC1s and CD11b* CD103- cDC2s due to subcutaneous adjuvant administration were
evaluated by flow cytometry (n = 3). (C) The populations of CD11b* CD103- CLEC10A- cDC2As (*) and CD11b* CD103- CLEC10A* cDC2Bs (*)
in nasal tissue were analyzed by flow cytometry (n = 4). The data are shown as the mean + 1 SD from two independent experiments; differences
were analyzed by one-way ANOVA (*,*P < .05, **P < .01; ns, not significant).
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Figure 5. Intranasally administered ALA induced greater expression of CD40 and CD80 than did MPLA. The expression of (A) CD40 and (B)
CD80 on cDC2s after intranasal adjuvant administration was evaluated by flow cytometry (n = 3). The data are shown as the mean + 1 SD from
two independent experiments; differences were analyzed by one-way ANOVA (**P < .01, ***P < .001, ****P < .0001).
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Figure 6. The gene expression of Csf2, Ccl2, Ccl3, Ccl4, and Tir4 in sorted cells from nasal tissue. (A) The sorting strategy for CD45* immune
cells, EpCAM* CD45- epithelial cells, and double-negative stromal cells (n = 4). (B) The gene expression of Tir4 on sorted cells was evaluated
by quantitative PCR (gPCR) analysis (n = 4). (C) The gene expression of Csf2, Ccl2, Ccl3, and Ccl4 from CD45* cells due to stimulation by ALA
or MPLA was evaluated by gPCR (n = 4). (D) The gene expression of Csf2, Ccl2, Ccl3, and Ccl4 from double-negative cells due to stimulation
by ALA or MPLA was evaluated by gPCR (n = 4). The data are shown as the mean + 1 SD from two independent experiments; differences were

analyzed by one-way ANOVA (**P < .01, **P < .001, ****P < .0001).

ALA elevated the expression of CCL2 on stromal cells and
of CCL3 and CCL4 on CD45* immune cells in nasal tissue

In the nasal mucosa, various hematopoietic cells (i.e. im-
mune cells), and non-hematopoietic cells (e.g. epithelial
cells, stromal cells) play important roles in the regulation of
immune responses, including the recruitment and activation
of DCs (381). To verify the cells targeted by ALA, we sorted
cells from nasal tissue according to their expression of
CD45 and epithelial cell adhesion molecule (EpCAM) (Fig.
6A) and examined the subpopulations’ expression of TLR4,
a receptor for ALA (22, 32). We found that CD45* immune
cells showed the greatest gene expression of Tir4 (Fig. 6B).
Among CD45- non-hematopoietic cells, EpCAM- stromal
cells—but not EpCAM* epithelial cells—moderately ex-
pressed the TIr4 gene (Fig. 6B). These results suggest that
ALA may affect CD45* immune cells and CD45- EpCAM-
stromal cells.

Chemokines (e.g. CCL2, 3, 4) and GM-CSF are con-
sidered key factors for recruiting DCs and stimulating their

proliferation (33-35). Consistent with its effects on TLR4
expression, ALA upregulated the expression of Ccl3 and
Ccl4 on CD45* immune cells (Fig. 6C), whereas Ccl2 ex-
pression was preferentially increased on stromal cells
(Fig. 6D). Moreover, ALA increased the expression of Csf2
(encoding GM-CSF) on stromal cells but not on CD45* im-
mune cells (Fig. 6D). In addition, epithelial cells showed
almost no response to either ALA or MPLA (Supplementary
Fig. S8). These results indicate that ALA induced the gene
expression of Ccl2 and Csf2 on stromal cells and of Ccl3
and Ccl4 on CD45* immune cells from nasal tissue; these
chemokine responses likely promoted the infiltration of
cDC2s into nasal tissue.

To investigate which chemokine is critical for recruiting
cDC2s into nasal tissue, we nasally co-administered ALA with
either anti-CCL2, anti-CCL3, or anti-CCL4 antibody. We found
that the infiltration of cDC2s induced by ALA in nasal tissue
was significantly inhibited by the anti-CCL2 and anti-CCL3
antibodies, whereas anti-CCL4 antibody had no inhibitory
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Figure 7. Intranasal administration of ALA with anti-CCL2 or anti-
CCL3 antibodies inhibited the infiltration of cDC2s in nasal tissue.
The numbers of CD11b* CD103- cDC2s in nasal tissue were ana-
lyzed by flow cytometry (n = 4). The data are shown as the mean + 1
SD from two independent experiments; differences were analyzed
by two-way analysis of variance (ANOVA; *P < .05, **P < .01; ns, not
significant).

effect (Fig. 7). These findings indicate that CCL2 and CCL3
are critical chemokines for the ALA-initiated recruitment of
cDC2s into the nasal tissue.

Discussion

In this study, we compared the adjuvant activity of ALA and
MPLA and demonstrated the superiority of ALA as a nasal
vaccine adjuvant. In intranasal vaccination, ALA increased
the number of cDC2s in nasal tissue by upregulating their
expression of chemokines; these activated cDC2s, thus
showing increased expression of co-stimulatory molecules.
In contrast, MPLA lacked these effects. Together, these
findings imply that ALA is suitable as an intranasal vaccine
adjuvant.

The structure of lipid A informs its ability to activate TLR4
signaling. In particular, phosphoryl groups influence the
binding of lipid A to TLR4 (36). Compared with the two
phosphoryl groups of ALA (23), MPLA is dephosphorylated
and exists in a monophosphorylated form (37). The pres-
ence of a single phosphoryl group instead of two hampers
dimerization of the TLR4-MD-2 complex, thus altering its
downstream signaling pathways and the subsequent im-
mune responses of antigen-presenting cells such as DCs
(388, 39). The structural uniqueness of ALA may underlie the
differences in immune responses compared with those from
MPLA.

In the studies of GCs in NALT and CLNs, the promotion of
GC generation and the populations of GC B cells, especially
IgA* GL7" B cells, and T, cells by intranasal vaccination with
ALA was consistent with the production of nasal and sys-
temic IgA. Mucosal immunity and class switching to IgA* B
cells are dependent on Th17 cells. In our previous reports,
the stimulation of DCs with ALA stimulated the production of
IL-6 and IL-23 and, consequently, enhanced the differenti-
ation of Th17 cells from naive T cells (19, 20, 32). These re-
sults suggest that ALA is suitable for use as a nasal vaccine
adjuvant.

To further investigate the underlying mechanism, we
focused on DCs, which are the starting point for the
generation of GCs (40). Our results suggest that the ALA-
induced increase in the number of activated cDC2s in
nasal tissue may have been responsible for the superiority
of ALA in nasal vaccination. As previously shown, cDC2s
are a key component in the process of mucosal immunity
(41). Compared with other types of DCs, cDC2s—because
of their expression of MHC Il—show specialized antigen
presentation and greater induction of CD4* T-cell prolifer-
ation (42). Furthermore, cDC2s reportedly are more suit-
able for presenting soluble antigens than for presenting
particle antigens (43). These properties of cDC2s imply
that these cells are indispensable in the generation of mu-
cosal immunity. Moreover, ALA-induced cDC2s expressed
higher levels of CD40 and CD80 than those exposed to
MPLA; these co-stimulatory molecules play important roles
in the activation and differentiation of T cells. In a previous
study, the expression of CD80 from DCs increased the ac-
tivation of T cells overall (44), whereas the expression of
CD40 from DCs upregulated the differentiation of Th17
cells (45). In our previous report, ALA induced greater
production of IL-6 and IL-23 than did MPLA, subsequently
leading to increased differentiation of Th17 cells (32).
Because the Th17 response is indispensable in the gen-
eration of mucosal immunity and secretion of IgA (46, 47),
the robust ALA-associated Th17 response may explain the
superiority of ALA in intranasal immunity. Taken together,
the superiority of ALA in mucosal immunity was strongly
related to ALA’s ability to promote the infiltration and acti-
vation of cDC2s.

However, in subcutaneous vaccines, ALA and MPLA had
similar effects. One possible reason is the regulatory effect
of subcutaneous adipose tissue on ALA-induced inflamma-
tory activity. In subcutaneous administration, vaccines are in-
jected into the subcutaneous adipose tissue, which contains
not only adipocytes but also endothelial cells, fibroblasts,
stem cells, and immune cells (48). These immune cells in-
clude M2 macrophages and Tregs, which usually suppress
inflammation in a healthy host (49). Adipose tissue is a key
source of IL-10, and LPS stimulation of adipose tissue in-
creases IL-10 levels (50). Overall, the anti-inflammatory
homeostatic effect of adipose tissue in healthy hosts may
explain the similar cDC activation profiles of ALA and MPLA
(Supplementary Fig. S7TB-D).

In contrast, stimulation with ALA did not alter DC popula-
tions in the skin. In a previous report, DCs that infiltrated into
adipose tissue proliferated only in the context of chronic in-
flammation, such as obesity (51). However, the inflammation
induced by vaccines is more similar to acute inflammation
than to chronic inflammation (52). These studies show the
tendency of adipose tissue to maintain homeostasis and pre-
vent inflammation in healthy hosts. This tendency may explain
the low activation state of cDC2s, their consistent number,
and their limited secretion of 1gG after subcutaneous admin-
istration of ALA. As another possibility, sensitivity toward OVA
was markedly stronger in subcutaneous than intranasal ad-
ministration. The stimulation due to OVA might overwhelm the
activity of ALA. In a previous review, the immunogenicity of
vaccines was significantly improved through intramuscular
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administration compared with subcutaneous administration,
particularly in terms of the antibody response and serocon-
version of intramuscularly administered adjuvanted vaccines
(53). Further discussions regarding the optimal administra-
tion route of ALA are warranted.

cDC2s can be categorized as cDC2As and cDC2Bs ac-
cording to the expression of several markers (e.g. CLEC4A,
CLEC10A, CLEC12A, ESAM) (54). We found that cDC2As
were increased within nasal tissue in the ALA group. Although
additional studies are required, ALA's high antigen presenta-
tion activity, induction of T cells, and induction of chemokine
production (i.e. CCL3 and CCL4) in cDC2As (54), which are
superior to cDC2Bs, may explain at least partially the adju-
vant activity of ALA.

Regarding the increase of cDC2s in nasal tissue, the
mechanisms underlying the recruitment of DCs from the
bone marrow and their circulation into immunization sites
are still not well understood (55). In some previous studies,
pre-cDCs expressed CCR2, the receptor of CCL2, thus al-
lowing pre-cDCs to migrate from the bone marrow to the
periphery through interaction with CCL2 (56). Moreover,
both CCR1 and CCR5 can recognize CCL3 (57), and CCL4
can bind to CCR5 (58). cDCs express these receptors,
which when bound by chemokines, induce their recruitment
and migration (35). In our current study, only cDC2s—not
cDC1s—accumulated in nasal tissue. Although ALA seems
to recruit cDC2s specifically, the mechanism underlying this
effect is unclear.

In this study, we noted that the source of CCL2 was stromal
cells. In previous studies, pulmonary stromal cells appeared
to modulate the response to LPS or house dust mite allergen,
which can recruit and activate innate immune cells such as
DCs (59). Other studies showed that the CCL2 secreted by
stromal cells promotes antibacterial defense (60). In contrast,
we found that the source of CCL3 and CCL4 was CD45* im-
mune cells. Candidates for the specific cell types include
DCs themselves, which secrete CCL3 and CCL4 after stimu-
lation with LPS (61). These findings imply that the complex
cell interaction initiated through ALA induces chemokine re-
sponses in nasal immunization. In addition, GM-CSF can pro-
mote the differentiation of cDCs from pre-cDCs (34) and the
proliferation of myeloid-lineage cells (33). Moreover, stimu-
lation by GM-CSF is indispensable in the development of
monocyte-derived DCs (62), which show a similar phenotype
and function to cDC2s. Thus, the effects of ALA on stromal
cells and CD45* immune cells contribute markedly to mu-
cosal immunity.

In conclusion, after both intranasal and subcutaneous ad-
ministration, ALA induced higher levels of antigen-specific
antibody secretion than did MPLA. In particular, ALA was su-
perior in intranasal vaccination. Consistent with its effects on
nasal and systemic IgA production, ALA promoted the gen-
eration of GCs in NALT and CLNs and increased the popula-
tions of GC B cells, IgA* B cells, and T, cells. As the possible
mechanism underlying the superiority of ALA in nasal vac-
cines, ALA promoted the infiltration of highly activated
CD11b* cDC2s in nasal tissue and, in particular, increased
cDC2A cell counts. In addition, ALA induced the expres-
sion of GM-CSF and CCL2 on stromal cells and CCL3 and
CCL4 on CD45* immune cells in nasal tissue; among these
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chemokines, CCL2 and CCLS3 helped to recruit cDC2s into
nasal tissue.
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