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Abstract

Alcaligenes faecalis was previously identified as an intestinal lymphoid tissue-resident
commensal bacteria, and our subsequent studies showed that lipopolysaccharide and its
core active element (i.e., lipid A) have a potent adjuvant activity to promote
preferentially antigen-specific Th17 response and antibody production. Here, I
compared 4. faecalis lipid A (ALA) with Salmonella-derived modified monophosphoryl
lipid A (MPLA), a licensed lipid A—based adjuvant, to elucidate the immunological
mechanism underlying the adjuvant properties of ALA. Compared with MPLA, ALA
induced a higher level of antigen-specific antibody secretion in subcutaneous and
intranasal administration. especially, superior in intranasal vaccination. Meanwhile,
ALA showed enough safety, which is similar to MPLA. As an explanation of the better
adjuvanticity of ALA than MPLA, ALA induced higher levels of MHC class II
molecules and costimulatory CD40, CD80, and CD86 on dendritic cells (DCs), which in
turn resulted in strong T cell activation. Moreover, ALA more effectively promoted the
production of IL-6 and IL-23 from DCs than did MPLA, thus leading to preferential
induction of Th17 cells. As underlying mechanisms, I found that the ALA-TLR4 axis
stimulated both MyD88- and TRIF-mediated signaling pathways, whereas MPLA was
biased toward TRIF signaling. These findings revealed the effects of ALA on DCs and T
cells and its induction pattern on signaling pathways. Related to the adjuvanticity of
nasal vaccine, ALA recruited activated CD11b" ¢cDC2 into nasal tissues through the

promoted production of chemokines (such as CCL2, CCL3, and CCL4). These results



reveal the uniqueness and superiority of ALA as a systemic and nasal adjuvant from

both in vivo and in vitro perspectives.
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1. Introduction

Currently, most vaccines are administrated by subcutaneous or intramuscular,
which induce potent systemic immunity [1]. However, some systemic and local side
effects will occur, and only weak mucosal immunity is observed in these vaccines [2].
Since the mucus is the first line barrier against the external environment, mucosal
immunity induced by mucosal vaccines is superior to systemic vaccines in the
protection from some specific pathogens [3], such as influenza [4], COVID-19 [5], and
HIV [6]. Furthermore, a mucosal vaccine can induce not only mucosal immunity but
also systemic immunity, while almost none of the systemic side effects are raised [3].
These properties of mucosal vaccines make them more advantageous than the other
administration types of vaccine. Currently, eight kinds of oral vaccines are licensed for
the prevention of cholera, salmonella, poliovirus, and rotavirus, and one kind of
intranasal vaccine against influenza is approved for clinical use [7] (Table 1).

Additionally, several mucosal vaccines are in development or clinical trials [8], [9].
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Figure 1. The immunity response induced by mucosal vaccines.

In the process of vaccination, the adjuvant usually activates the antigen
presentation cells (APCs) to recognize antigens and activate the adaptive immunity for
an antigen-specific response. This response not only occurred in lymphoid tissue but
also in non-lymphoid tissue, such as mucus [10]. In the mucosal vaccination, the effect
of adjuvant on the dendritic cells (DCs) resident in mucosal tissue, shows different
phenotypes and responses toward adjuvant and antigen from the DCs in lymphoid tissue
[11], [12]. The mucosal DCs are also affected by the other kinds of cells in mucosal
tissue [13]. Furthermore, the response of Th17 cells is specifically indispensable in
mucosal immunity and the class-switch and secretion of antigen-specific IgA on mucus
[14]. These unique properties of mucosal immunity suggest the potential of the Th17
cell-response adjuvant to utilize in a mucosal vaccine. However, currently, there is no

licensed Th17 cell-response adjuvant.



Table 1. Licensed mucosal vaccines

Pathogen Trade name Composition Dosage
Rotarix Monovalent: culture passage attenuated Oral aqueous, 2 doses
Rotavirus Pentavalent: five human-bovine
Rotateq Oral aqueous, 3 doses
reassortant rotaviruses
Biopolio Culture passage attenuated polioviruses 1
Oral aqueous, 3 doses
(bOPV) and 3 serotypes
Poliovirus
mOPV and Culture passage attenuated polioviruses 1,
Oral aqueous, 3 doses
tOPV 2, and 3 serotypes
Live attenuated Ty21a strain, mutagenesis
Salmonella S ) ) )
h Typhi Vivotif in LPS synthesis, and Vi polysaccharide Oral capsule, 4 doses
Byphi
genes
Heat and formaldehyde-inactivated O1
Dukoral Oral aqueous, 2 doses
serogroups + CTB
Euvichol, Heat and formaldehyde-inactivated O1
Vibrio cholera Oral aqueous, 2 doses
Shanchol serogroups + 0139
Live attenuated 01 serogroup — ctxA
Vaxchora Oral aqueous, 1 dose
attenuation
Quadrivalent antigens from circulating
Influenza type ) .
FluMist/Fluenz  strains incorporated into live attenuated, Nasal spray, 1 dose

A and B virus

cold-adapted donor influenza vector

In the innate immune system, pathogen-associated molecular patterns (PAMPs)

activate DCs through PRRs on their surface. These factors activate innate lymphoid
cells through specific receptors to facilitate antigen presentation and consequently
efficiently induce adaptive immunity. For example, CpG oligodeoxynucleotide (CpG-
ODN) is a toll-like receptor 9 (TLR9) ligand, and the monophosphoryl lipid A from
Salmonella minnesota R595 (MPL[R]) is a TLR4 ligand. This activation typically is

associated with the subsequently increased expression of several molecules, such as



major histocompatibility complex (MHC) molecules for antigen presentation and
various costimulatory molecules (i.e., CD40, CD80, and CD86). Activated DCs then
prime T cells, thus instructing them for their differentiation into antigen-specific effector
T cells, one of the most important parts of adaptive immunity [15]. Therefore, PAMPs
and their related molecules are considered to be promising vaccine adjuvants for
activating innate and adaptive immunity to enhance vaccine-induced immunity [16].
One component of the cell membrane of gram-negative bacteria is the well-known
PAMP lipopolysaccharide (LPS), which can activate DCs and thus lead to the induction
and enhancement of antigen-specific immune responses [17]. The active part of LPS,
lipid A is responsible for the activity of LPS by binding to its receptor, TLR4 [18], [19].
However, because pathogen-derived LPS and lipid A cause severe toxicity in humans,
including liver damage, fever, and septic shock, these agents are unsuitable as vaccine
adjuvants [20], [21]. In one solution to this problem, chemical modification of lipid A
from Salmonella minnesota R595 led to the derivative monophosphoryl lipid A (MPLA)
[22], which was shown to be a safe adjuvant that led to induction of a T helper type 1
(Th1) response [23]. Currently, MPLA is widely used as an adjuvant in the human
papillomavirus vaccine Cervarix [24] and the hepatitis B virus vaccine Fendrix [25].
MPLA is also an efficacious adjuvant in vaccines against rabies and leishmaniasis [26],

[27], for which it induces potent antigen-specific Th1 responses.
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Figure 2. The molecular structure of Alcaligenes lipid A (ALA) and monophosphoryl lipid A

(MPLA).

Unlike LPS and lipid A derived from pathogens, LPS from commensal bacteria is
applicable as a vaccine adjuvant. As we reported previously, Alcaligenes spp. is a gut
tissue—associated commensal bacteria that resides in Peyer’s patches [28]. Although this
symbiotic relationship of Alcaligenes and DCs in Peyer’s patches did not induce
pathogenic inflammation, A/caligenes can activate the host immune system and enhance
antigen-specific immune responses; this unique immunological phenomenon was
achieved through the weak agonistic activity of Alcaligenes LPS on TLR4 [29], [30].
Through related experiments designed to explain the mild activity of Alcaligenes LPS,
we recently revealed the unique molecular structure of its lipid A [31],[32] and the
potential of Alcaligenes lipid A (ALA) as a promising candidate adjuvant. Indeed, ALA

showed safe, potent adjuvanticity during intranasal and subcutaneous co-administration



with antigen in murine models [33], [34], [35]. In our evaluation of the adjuvanticity of
ALA as a systemic adjuvant with the model antigen of ovalbumin (OVA), ALA induced
OVA-specific IgG antibody production and preferentially enhanced OVA-specific Th17
responses over Th1/2 responses [33]. In addition, ALA was an effective mucosal
adjuvant when it was nasally administered with pneumococcal surface protein A
(PspA), a universal vaccine antigen of Streptococcus pneumonia [34]. ALA enhanced
PspA-specific nasal IgA antibody production and a PspA-specific Th17 response, which
was protective against Streptococcus pneumoniae infection [34].

Whereas the above, ALA had the potential as a mucosal adjuvant according to the
induction of antigen-specific Th17 response, but not MPLA. Moreover, the mechanism
of the differences between ALA and MPLA is not clear. One possibility is the unique
effect of ALA on the DCs in mucosal tissue. Therefore, in the current study, I focused
on the ability of ALA to activate DCs and on the interaction between DCs and T cells,
and the specific effect of ALA on the DCs in nasal tissue to reveal its mechanism of

action as a mucosal adjuvant.



2. Materials and Methods
2.1 Mice

BALB/cAJcl mice were purchased from CLEA Japan, Inc. (Tokyo, Japan).
C57BL/6JJmsSlc mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). TLR4"
and TLR4 " mice were generated on a C57BL/6 background, as previously described
[36]. MyD88”- and MyD88"* mice were generated on a C57BL/6 background, as
previously described [37]. Mice were raised 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

following their guidelines.

2.2 Lipid A

Alcaligenes lipid A was chemically synthesized as previously described [31].
monophosphoryl lipid A from Salmonella minnesota R595 (MPLA) was purchased
from InvivoGen (San Diego, CA). Both were reconstituted in dimethyl sulfoxide

(Nacalai Tesque, Kyoto, Japan) at a concentration of 1 mg/mL and stored at —30°C.

2.3 Vaccination
For the intranasal vaccination, mice were immunized with 5 pg of OVA with or

without 1 pg of Alcaligenes Lipid A or MPLA in 15 pL of PBS on day 0, 7, and 14. One



week after the last immunization, mice were sampled for serum, nasal wash fluid, and
bronchoalveolar lavage fluid (BALF) for OVA-specific IgA and IgG ELISA measurement.
For the subcutaneous vaccination, 0.1 ug OVA with or without 1ug of Alcaligenes Lipid
A or MPLA in 200 pL of PBS were injected on day 0 and 10. One week after the last

immunization, mice were sampled for the serum for OVA-specific IgG ELISA.

2.4 Intranasal safety of ALA

Mice were immunized with PBS as control, or 5 pg of OVA with 1 pg of
Alcaligenes Lipid A or MPLA in 15 pL of PBS on day 0, 7, 14, and 21. On day 25, mice
were sampled for serum and dissected and fixed in 37% formalin solution. The body
weight was measured on day 0, 1, 7, 8, 14, 15, 21, 22, and 28. Body temperature was
measured after the first and third administration every 2 h. The blood lymphocytes

number were calculated with VetScan HM2 on day 0, 1, 14, 15, and 25.

2.5 Enzyme-Linked Immunosorbent Assay (ELISA)

The flat-bottom 96-well immunoplates (Thermo Fisher Scientific Inc., 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, Inc.) 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,
Inc.). Samples were serially diluted with 1% (w/v) BSA, containing 0.05% (v/v) Tween
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20 in PBS, and added to the plates, following with the incubation for 2 h at room
temperature. After washing with PBS containing 0.05% Tween 20 for three times,
horseradish peroxidase-conjugated goat anti-mouse IgG or IgA (Southern Biotech, Inc.,
Birmingham, AL, USA) diluted with 1% (w/v) BSA, containing 0.05% (v/v) Tween 20
in PBS was added to the plates and left to react for 1 h at room temperature. After
washing with PBS containing 0.05% Tween 20 for three times, tetramethylbenzidine
peroxidase substrate (SeraCare Life Sciences Inc., Milford, MA, USA) was then added
to react for 2 min at room temperature; 0.5 N HCI (Nacalai Tesque, Inc.) was added to
stop the reaction. Absorbance was measured at 450 nm by the iMark™ Microplate

Absorbance Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.6 Generation of BMDCs

Bone marrow cells were flushed from femurs and tibias collected from BALB/c or
C57BL/6 mice, treated with red blood cell lysis buffer (1.5 M NH4Cl, 100 mM KHCOs3,
and 10 mM EDTA-2Na [all from Nacalai Tesque]) for 1 min and washed with complete
RPMI-1640 medium (GIBCO, Invitrogen, Waltham, MA), which contained 10% fetal
bovine serum, 1% penicillin-streptomycin (Nacalai Tesque), 50 uM 2-mercaptoethanol
(GIBCO), and 1% 100 mM sodium pyruvate solution (100x; Nacalai Tesque). Cells
were resuspended and cultured in the complete RPMI-1640 medium supplemented with
20 ng/mL GM-CSF (PEPROTECH, East Windsor, NJ). The culture medium was
changed every 2 days. Cells were collected on day 6 or 7 for the isolation of BMDCs by
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using a MACS separator (Miltenyi Biotec, Auburn, CA) and CD11¢ Microbeads
UltraPure (Miltenyi Biotec) according to the manufacturer’s instructions. The CD11¢"

BMDCs were used for subsequent experiments.

2.7 Detection of cytokines produced by BMDCs and cell-surface markers on
BMDCs

For the analysis of cytokine production, 1x10° cells/well BMDCs were seeded in
96-well plates (ThermoFisher, Waltham, MA) and treated with various concentrations of
ALA or MPLA for 48 h, after which the supernatants were collected for analysis. IL-6,
MCP-1, and IL-12 were measured by using CBA Mouse Inflammation Kit (BD
Biosciences. Franklin Lakes, NJ) according to the manufacturer’s instructions. 1L-23
was measured by using the IL-23 Mouse Uncoated ELISA Kit (Invitrogen) according to
the manufacturer’s instructions.

For the analysis of cell-surface markers, BMDCs were detached from the plates and
stained with 5 pg/mL anti-CD16/32 antibody (Fc Block, clone 93; BioLegend, San
Diego, CA) and 7-AAD Viability Staining Solution (BioLegend) for 15 min at room
temperature. Cells were then stained with BV420-anti-CD11c (BioLegend; clone N418;
dilution 1:100), FITC-anti-I-Ad (BioLegend; clone 39-10-8; dilution 1:100), PE-anti-
CD80 (BioLegend; clone 16-10A1; dilution 1:100), PE-Cy7-anti-CD40 (BioLegend;
clone 3/23; dilution 1:100), APC-anti-CD86 (BioLegend; clone GL-1; dilution 1:100),
and APC-Cy7-anti-CD11b (BioLegend; clone M1/70; dilution 1:100) for 30 min on ice.

12



Samples were analyzed by using a MACSQuant Analyzer (Miltenyi Biotec). Flow
cytometry data were analyzed by using FlowJo software version 10.2 (BD Biosciences).
For inhibitor experiments, BMDCs were cultured for 48 h in the presence of 10
ng/mL ALA or MPLA with or without the addition of takinib (Sigma-Aldrich) or
GSK8612 (Sigma-Aldrich) in 2 uM. The supernatants and BMDCs were collected and

analyzed as described earlier.

2.8 Antigen processing and presentation assay

OT-1IZ cells, provided by Dr. N. Shastri (University of California, Berkeley, CA),
were cultured in the complete RPMI-1640 medium. BMDCs from C57BL/6 were used
as antigen-presenting cells. BMDCs were first pulsed overnight in 0.1 mg/mL OVA
(Sigma-Aldrich, St Louis, MO), followed by treatment with ALA or MPLA for 24 h.
Then, BMDCs were co-cultured with OT-IIZ cells at a 1:1 ratio for 24 h. To assess -
galactosidase production stimulated through antigen presentation, cells were incubated
in CPRG buffer (0.6 mM CPRG [Sigma-Aldrich], 1 mM MgCl, [Nacalai Tesque], 100
mM 2-mercaptoethanol [Sigma-Aldrich], and 0.125% Nonidet P-40 [Nacalai Tesque] in
PBS) for 3 h at 37°C. The reaction between CPRG and -galactosidase was measured at

570 nm (reference, 655 nm).

2.9 Cocultures of BMDCs and T cells
First, 96-well plates were coated with 0.5 pg/mL anti-CD3¢ antibody (Biolegend)
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at 4°C overnight and washed 3 times with PBS. Naive CD4" T cells were isolated by
using Naive CD4" T Cell Isolation Kit (Miltenyi Biotec) and MACS separator (Miltenyi
Biotec) according to the manufacturer’s instructions. For the T cell activation and
proliferation assay, naive CD4" T cells were stained with CFSE (Sigma-Aldrich) before
being seeded in the coated plate wells in 1x10° cells/well. ALA- or MPLA-treated
BMDCs were co-cultured at 1x10* cells/well with T cells for 2 days. T cell activation
markers and T cell proliferation were evaluated by flow cytometry. Cells were stained
with Fc block and 7-AAD as mentioned earlier, treated with BV421-anti-CD11c¢
(BioLegend; clone N418), PE-Cy7-anti-CD69 (BD; clone H1.2F3), and APC-Cy7-anti-
CD4 (BioLegend; clone: RM4-5) for 30 min on ice, and analyzed.

For the T cell polarization assay, T cells were seeded into coated plates without
CFSE staining. Untreated BMDCs were co-cultured with T cells with or without the
addition of various concentrations of ALA or MPLA. For CBA assays, culture
supernatants were collected after 5 days; cytokines in the supernatants were measured
by using Mouse Th1/Th2/Th17 CBA Kit (BD Biosciences) according to the

manufacturer’s instructions.

2.10 Preparation of cell lysates and western blotting

BMDCs were stimulated with a series of concentrations of ALA or MPLA for 20
min (for p65 and c-jun) or 2 h (for IRF3), washed once with PBS, and lysed by
incubating for 30 min on ice in RIPA buffer (Millipore, Millipore, MA) supplemented

14



with protease and phosphatase inhibitors. The total protein concentration was quantified
by BCA assay and separated on NuPAGE 4% to 12% Bis-Tris mini gels (Invitrogen).
The gels were transferred onto the PVDF membrane; reacted with primary antibodies
(dilution, 1:1000) to B-actin (Biolegend; clone 2F1-1), p65 (clone D14E12), p-p65
(clone 93H1), c-jun (clone 60AS), p-c-jun (clone E617P), IRF3 (clone D83B9), and p-
IRF3 (clone E6F7Q); all from Cell Signaling); and subsequently incubated with
secondary antibodies of goat anti-mouse IgG (Southern Biotech, Birmingham, AL) for
B-actin and donkey anti-rabbit IgG (Biolegend) for the others. The membranes were

analyzed by using a LAS-4000 (GE Healthcare, Chicago, IL).

2.11 NF-kB/AP-1 reporter assay

HEK-Blue hTLR4 cells (Invivogen) were cultured according to the manufacturer’s
instructions. Cells were stimulated with ALA or MPLA at 2.5x10* cells/well for 24 h.
Supernatants were collected for analysis using QUANTI-Blue solution (Invivogen)

according to the manufacturer’s instructions.

2.12 Analysis of DC in the nasal tissue

PBS or 1 pg of ALA or MPLA was administrated nasally. After 24 h, the nasal
tissue was collected and treated with 2 mg/mL Collagenase I for 60 min. Cells were
stained with Fc block and 7-AAD as mentioned earlier, treated with BV421-anti-CD11c
(BioLegend; clone N418), FITC-anti-I-A¢ (BD; clone AMS-32.1), PE-anti-CD103 (BD;

15



clone M290), PE-Cy7-anti-CD40 (BioLegend; clone 3/23), PE-Cy7-streptavidin (BD),
APC-anti-CD11b (BioLegend; clone M1/70), APC-Cy7-anti-CD8a (BioLegend; clone
53-6.7), Biotin-anti-CD80 (BD; clone 16-10A1), Biotin-anti-CD86 (BD; clone GL-1)

for 30 min on ice, and analyzed.

2.13 RT-PCR
RNA samples were extracted with Sepasol-RNA I super G (Nacalai Tesque)
according to the manufacturer’s instructions. Then, DNase I and SuperScript VILO

(Invitrogen) were used according to the manufacturer’s instructions to make the cDNA.

RT-PCR occurred on CFX Opus 96 (Bio-Rad).

2.14 Statistics

Data are shown as mean + 1 SD and analyzed by one or two-way ANOVA; P <

0.05 was considered significant.
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3. Results
3.1. ALA induces potent antigen-specific IgA and IgG when nasally administrated
with OVA

I first compared the adjuvanticity of ALA and MPLA by co-administration with
OVA subcutaneously and nasally in mice. When subcutaneously administrated, the level
of OVA-specific IgG in serum in the ALA group was higher than MPLA group (Figure
3A). Meanwhile, during the intranasal administration, the secretion of OVA-specific
IgA in the nasal wash and BALF was potently induced in the ALA group, while almost
none of the response was induced in the OVA group and MPLA group (Figure 3B).
Moreover, both ALA and MPLA groups induced the secretion of OVA-specific IgG in
serum, but the level of the ALA group was higher than the MPLA group in intranasal
administration (Figure 3C). These results indicated that ALA showed better
adjuvanticity than MPLA in subcutaneous and intranasal administration. Especially,
ALA was superior to MPLA as a mucosal adjuvant, which can induce both mucosal and

systemic responses.
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Figure 3. OVA-specific antibody induced by ALA or MPLA in subcutaneous or intranasal
administration. (A) OVA-specific IgG in serum when subcutaneously administrated. (B) OVA-
specific IgA in the nasal wash and BALF and (C) OVA-specific IgG in serum when intranasal
vaccinated (n = 4 per group). The data are shown as mean + 1 SD from a representative of two
independent experiments; differences were analyzed by two-way ANOVA (*P<0.05, **P <

0.01, ***P <0.001, ****P < (0.0001). OD, optical density

3.2. ALA does not occur side effects
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I next compared the safety of ALA and MPLA in intranasal administration.
Compare with the control group, the body weight and the number of lymphocytes in
blood during the vaccination had no obvious difference in ALA or MPLA group (Figure
4A and 4C); and the body temperature after injection is similar to ALA and MPLA
groups (Figure 4B). Furthermore, for concern of the side effects on the lung and liver
from lipid A, one week after the final vaccination, mice were dissected. Compared with
the control group, there was no obvious lesion on the lung and liver from ALA or

MPLA group (Figure 4D). Moreover, no side effects were observed in the tissue of the

nasal cavity (data were not shown).
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Figure 4. The safety of ALA or MPLA was compared when administrated nasally. (A) The body

weight was measured during the administration. (B) The body temperature was measured from
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the rectum after injection. (C) The number of lymphocytes in blood was measured with VetScan
HM2. (D) Mice were sacrificed and dissected to observe the lung and liver, which were marked
by yellow arrows (n = 4 per group). The data are shown as mean + 1 SD from a representative

of two independent experiments.

3.3. ALA upregulates the MHC class II expression and antigen presentation
activity of DCs

To examine the mechanism of ALA as a potent mucosal adjuvant. I first put my
emphasis on the effect of ALA on DCs. Given that microbial stimulation is known to
increase the expression of MHC II, a key molecule in the presentation of antigen to
CD4" T cells [38], I first compared the adjuvant activity of ALA and MPLA by
evaluating the MHC II expression on bone marrow-derived DCs (BMDCs). Both ALA
and MPLA upregulated MHC II expression on BMDC:s, but the levels were higher for
ALA than for MPLA (Figure 5A).

These findings led us to hypothesize that ALA also upregulates antigen
presentation to CD4" T cells. To test this hypothesis, [ used CD4" T cell hybridoma OT-
[1Z cells, which specifically respond to OVA-derived peptide presented by MHC class 11
molecules [39], in an antigen-presenting reporter assay. Both ALA and MPLA increased
the antigen-presenting activity of BMDCs compared with untreated BMDCs, and ALA-

treated BMDCs showed greater antigen presentation to OT-IIZ cells than did MPLA-
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treated BMDCs (Figure 5B). These results demonstrate that ALA more potently

enhanced the antigen presentation ability of BMDCs toward T cells than MPLA.

B
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Figure 5. Alcaligenes lipid A (ALA) upregulated the expression of MHC II and improved
antigen presentation on T cells. (A) BMDCs were treated for 48 h with ALA or MPLA at the
indicated concentrations. The expression of MHC II on BMDCs was analyzed by flow
cytometry (n = 3 per group). (B) BMDCs were preloaded with 0.1 mg/mL ovalbumin (OVA) for
16 h, treated with ALA or MPLA for 24 h, and co-cultured with OT-IIZ cells for 24 h. The
response of OT-I1Z cells to antigen presentation was measured by CPRG assay (n = 5 per
group). The data are shown as mean £+ 1 SD from a representative of two independent
experiments; differences were analyzed by two-way ANOVA (*¥*P < 0.01, ****P < (0.0001).

MFI, mean fluorescence intensity; OD, optical density
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3.4. ALA induces increased expression of costimulatory molecules on BMDCs and
enhanced T cell activation and proliferation

In addition to MHC II-mediated antigen presentation, costimulatory molecules on
DCs (i.e., CD40, CD80, and CD86) are essential for T cell activation through their
interaction with CD40L and CD28 [40]. In this regard, treatment of BMDCs with either
ALA or MPLA increased the expression of CD40, CD80, and CD86, and ALA exerted a
more potent effect than MPLA (Figure 6A).

I next aimed to stimulate DCs with either ALA or MPLA and examine their effects
on T cell activation. As a marker of T cell activation, I measured the expression of
CD69, a type Il transmembrane glycoprotein related to the C-type lectins which are
rapidly expressed on activated T cells [41]. Co-culture with ALA- or MPLA-treated
BMDC:s increased the expression of CD69 on T cells, and ALA-treated BMDCs
accomplished greater T cell activation than MPLA-treated BMDCs (Figure 6B). I
further analyzed T cell proliferation by staining with carboxyfluorescein succinimidyl
ester (i.e., CFSE assay) and noted fewer undivided T cells (division 0) and more
dividing cells (divisions 1, 2, and 3) when co-cultures contained ALA-treated BMDCs
compared with MPLA-treated BMDCs (Figure 6C). Finally, the number of T cells co-
cultured with ALA-treated BMDCs was larger than the MPLA-treated BMDCs (Figure
6D). These results indicate that, compared with MPLA, ALA enhanced the ability of

BMDC:s to induce T cell activation more potently than MPLA.
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Figure 6. ALA upregulated the expression of co-stimulatory molecules and improved the
activation and proliferation of T cells. (A) BMDCs were treated for 48 h with ALA or MPLA at
the indicated concentrations. The expression of CD40, CD86, and CD80 on BMDCs was analyzed
by flow cytometry (n =3 per group). (B) ALA- or MPLA-treated BMDCs were co-cultured for 2
days with naive CD4" T cells in anti-CD3g-coated plates. The expression of CD69 on T cells was
analyzed by flow cytometry (n = 4 per group). (C) Naive CD4" T cells were stained with
carboxyfluorescein succinimidyl ester (CFSE) and co-cultured with ALA- or MPLA-treated
BMDC:s in anti-CD3eg-coated plates for 2 days. The proliferation of T cells was evaluated as the
dilution of CFSE in flow cytometry (n = 4 per group). (D) The cell number in the experiment of
(C) were counted by trypan blue. The data are shown as the mean = 1 SD from a representative

of two independent experiments; differences were analyzed by two-way ANOVA (*P < 0.05, **
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P <0.01, *** P<0.001, **** P<0.0001 for ALA vs. MPLA; # P <0.05 for MPLA vs. control).

3.5. ALA educates DCs to polarize activated CD4" T cells to Th17 cells

Lipid A is known to activate DCs and induce the consequent secretion of various
cytokines and chemokines for the control of T cell differentiation [42], [43]. Whereas
BMDC:s yielded similar levels of MCP-1 expression regardless of treatment with ALA
or MPLA (Figure 7A), BMDCs produced high levels of IL-6 and IL-23 after ALA
treatment but only scant amounts after stimulation with MPLA (Figure 7B-C). In
addition, neither ALA nor MPLA induced detectable production of IFN-y, IL-10, or IL-

12 from BMDCs (data not shown).

A B C
MCP-1 IL-6 IL-23
2.5+ 15+ 150
ns
2-0- dekkk EE 22
L} % 10 100
i d
g 15 = 2 < Z 3
=2 ] [=] D
c 1.0 c 5- o 50 -
0.5
by :F
0 T T i 0 T T -~y 0 T 2 -y
ALA MPLA cControl ALA MPLA Control ALA MPLA Control
D E F
IL-4 IL-17A IL-17A
400 1.5+ 1.0+
ns
300- § N o * 0.8+ ®
z e 2" 2 054
S 200 = 5
o L % c 0.5- c 0.4 °
1004
° 0.21 ? » % *
0 T T T 0 T T .$._ 0 il h % - T
ALA MPLA Control ALA MPLA Control alL-6 alL-23 mock

[ @ALA A MPLA = Control |

24



Figure 7. ALA induced the production of IL-6 and IL-23 and enhanced the differentiation of
Th17 cells. (A—C) Cytokine concentrations in the supernatant of ALA- or MPLA-treated
BMDCs were evaluated by using the CBA assay and ELISA (n = 3 per group). (D—E) BMDCs
were co-cultured for 5 days with naive CD4" T cells in anti-CD3g-coated plates in the presence
of ALA or MPLA. T cell cytokine concentrations in the supernatant were measured by using the
CBA assay (n = 4 per group). (F) BMDCs and T cells were co-cultured in the presence of ALA
or MPLA with or without the antibody for IL-6 or IL-23. The secretion of IL-17A was blocked
by the addition of anti-IL-6 or anti-IL-23 (r = 4 per group). The data are shown as the mean + 1
SD from a representative of two independent experiments; differences were analyzed by one-

way ANOVA (¥*P < 0.05, **** P <(.0001; ns, not significant).

MCP-1, IL-6, and IL-23 all play important roles in the control of differentiation of
T helper cell subsets. Specifically, MCP-1 is indispensable in the process of Th2 cell
differentiation [44], and IL-6 and IL-23 are key during Th17 cell differentiation [45].
Consistent with the respective effects on MCP-1 production, IL-4 production from
activated T cells was weak and similar in the presence of ALA- with MPLA-treated
BMDC:s (Figure 7D). In addition, activated T cells showed greater IL-17A production in
co-cultures containing BMDCs treated with ALA than with MPLA, consistent with the
amounts of IL-6 and IL-23 secreted from BMDCs (Figure 7E). Meanwhile, by adding
the antibody of IL-6 or IL-23, the production of IL-17A in the co-culture with ALA was
blocked (Figure 7F). These results demonstrate that, unlike MPLA, ALA educates DCs
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to dictate the preferential differentiation of T cells into Th17 cells through the

production of the Th17-inducing cytokines IL-6 and IL-23.

3.6. ALA and MPLA utilize distinct TLR4 signaling pathways

TLR4 plays an essential role in the immunological responses to lipid A variants,
including MPLA [46]. We previously confirmed that Alcaligenes LPS likewise requires
the expression of TLR4 to activate BMDCs [30], but whether ALA also depends on the
expression of TLR4 in BMDC:s to achieve their activation has been unclear. Here, I
evaluated the dependency of ALA on TLR4 expression by using TLR4”~ (KO) and
TLR4"~ (HE) BMDCs. The upregulation of MHC II and co-stimulatory molecules (i.e.,
CD80, CD86, and CD40) and cytokines (IL-6 and MCP-1) in ALA-treated DCs was

eliminated in TLR4 KO BMDCs (Figure 8A-B).
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Figure 8. ALA is recognized by toll-like receptor 4 (TLR4). (A) BMDCs from TLR4
heterozygous (HE) and knock-out (KO) mice were treated with ALA for 48 h. The expression of
MHC II, CD40, CD86, and CD80 on BMDCs was analyzed by flow cytometry. (B) Cytokine
concentrations in the supernatant of ALA-treated BMDCs from TLR4 HE and KO mice were
measured by using the CBA assay (n = 3 per group). The data are shown as the mean = 1 SD
from a representative of two independent experiments; differences were analyzed by one-way

ANOVA (****pP <(0.0001).

Although ALA and MPLA are both recognized by TLR4, their effects on cytokine

and chemokine production from BMDCs and subsequent T cell differentiation differ
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markedly. In particular, ALA more potently promoted IL-6 expression, which is
dependent on myeloid differentiation factor 88 (MyD88) signaling [47], [48], whereas
ALA and MPLA induced similar levels of MCP-1 production, which is mediated
through a signaling pathway dependent on TIR-domain-containing adapter-inducing
interferon-f (TRIF) [49], [50] (Figure 7A-B). Therefore, I supposed that ALA and
MPLA activate different signaling pathways upon TLR4 binding.

To test this hypothesis, I evaluated the phosphorylation levels of transcription
factors p65 and c-jun, which are both dependent on MyD88 and respectively mediate
the NF-xB and AP-1 signaling pathways [51]. Compared with MPLA, ALA induced
greater phosphorylation of p65 and c-jun (Figures 9A-B). Consistently, NF-xB/AP-1
reporter assay showed strong activation of the NF-«B/AP-1 pathway in ALA (Figure
9C). In contrast, the phosphorylation levels of TRIF-dependent IRF3 were nearly
identical regardless of whether BMDCs were stimulated with ALA or MPLA (Figures

9A-B).
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Figure 9. The induction of MyD88 and TRIF by ALA or MPLA. (A) ALA induced both the
MyD88 and TRIF signaling pathways, but MPLA was TRIF-biased. BMDCs were treated with
ALA or MPLA for 20 min (p65 and c-jun) or 2 h (IRF-3) and then lysed in RIPA buffer for
western blotting. The results shown are from one of three representative experiments. (B)
Quantification of the results in panel A by using Imagel. (C) The reporter assay for NF-xB/AP-1
induction by ALA or MPLA through TLR4 (n = 4 per group). The data are shown as the mean +
1 SD from two representative independent experiments; differences were analyzed by two-way

ANOVA (**P < 0.01; ns, not significant).

Furthermore, the MyD88”~ (KO) and MyD88"* (WT) BMDCs were utilized to
evaluate the difference between ALA and MPLA on the MyD88 and its downstream
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NF-kB and AP-1 signaling pathways. Compare with the WT, the phosphorylation of c-
jun by ALA was completely blocked in KO (Figure 10A-B), and the phosphorylation of
p65 by ALA and MPLA was downregulated in KO (Figure 10A and 10C).

These results suggest that whereas ALA was similar to MPLA in the induction of

the TRIF signaling pathway, ALA was superior to MPLA in the MyD88 signaling

pathway.
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Figure 10. The induction of MyD88 by ALA or MPLA in MyD88 WT BMDCs, and block in

MyD88 KO BMDCs. (A) BMDCs of MyD88 WT and KO were treated with ALA or MPLA for

20 min and lysed in RIPA buffer for western blotting. The phosphorylation of c-jun and p65
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induced by ALA in MyD88 WT were blocked in MyD88 KO. (B) (C) Quantification of the

phosphorylation of c-jun and p65, respectively, from the results in panel A by using Image].

3.7. The MyD88-dependent signaling pathway is indispensable for ALA-induced
upregulated expression of cytokines and costimulatory molecules in DCs

To verify that the effect of ALA on the expression of cytokine and costimulatory
molecules in BMDCs is dependent on the MyD88-mediated signaling pathway, I used
takinib [52], an inhibitor of TAK1 in the MyD88-mediated pathway, and GSK8612 [53],
which inhibits IRF3 in the TRIF-mediated pathway.

Treatment with takinib—but not GSK8612—inhibited the ALA-induced
enhancement of IL-6 production from BMDCs (Figure 11A). In contrast, GSK8612
completely prevented and takinib partially inhibited the expression of MCP-1 induced
by either ALA or MPLA (Figures 11B). These results indicate that the expression of IL-
6 after ALA treatment is predominantly dependent on the MyD88 signaling pathway,
whereas the expression of MCP-1 after ALA or MPLA treatment is dependent mainly
on the TRIF signaling pathway and only partially on the MyD88 signaling pathway.
Furthermore, takinib—but not GSK8612—inhibited both ALA-induced and MPLA-
increased expression of MHC II and costimulatory molecules (i.e., CD40, CD80, and

CD86) (Figure 11C-F).
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Figure 11. The MyD88-dependent production of IL-6 and expression of MHC II and co-

stimulatory molecules after ALA stimulation. BMDCs were treated for 48 h with ALA or MPLA

in the presence or absence of takinib or GSK8612. (A-B) The production of IL-6 and MCP-1

was measured by using the CBA assay. (C—F) The expression of MHC II and co-stimulatory

molecules was analyzed by flow cytometry (rn = 4 per group). The data are shown as the mean +

1 SD from two representative independent experiments; differences were analyzed by two-way



ANOVA (***P <0.001, ****P < 0.0001).

Together, these findings indicate that the upregulated expression levels of MHC II
and costimulatory molecules after the treatment of DCs with either ALA or MPLA were

all dependent on MyD8S.

3.8. ALA induces the recruitment and activation of ¢cDC2s in the nasal tissue

To reveal the in vivo mechanism of the superiority of ALA in the nasal vaccine, [
analyzed the effect of ALA on the nasal tissue. I first quantified the numbers of DCs and
the subtypes of DCs. After the nasal administration of ALA, a greater number of
CDI11b"CD103" ¢DC2s infiltrated into the nasal tissue than MPLA (Figure 12A).
Furthermore, the activation of DCs was evaluated by the expression level of co-
stimulatory molecules (CD40, CD86, and CD80) on DCs. The expression of CD40 and
CD80 were upregulated on the DCs of the ALA group higher than in the MPLA group,
but both groups had little change in the expression of CD86 (Figure 12B). These results
demonstrated that intranasal administrated ALA induced the infiltration and activation of

¢DC?2 in nasal tissue but little effect was observed in MPLA.
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Figure 12. cDC2s were infiltrated in nasal tissue through the expression of chemokines by ALA.
ALA or MPLA were administrated nasally. After 24 h, (A) the number of cDC1 and ¢cDC2 were
counted and (B) the expression of co-stimulatory molecules was analyzed with the flow cytometer.
(C) The expression of GM-CSF, CCL2, CCL3, and CCL4 in the tissue was evaluated with RT-
PCR (n = 3 per group). The data are shown as the mean = 1 SD from two representative
independent experiments; differences were analyzed by one-way ANOVA (*P<0.05, **P<0.01,

kP <0.001, *¥****P < 0.0001; ns, not significant).

The increase of cDC2 in nasal tissue by ALA may be due to the proliferation by GM-
CSF, recruitment by chemokines, or both. To test this issue, the expression of GM-CSF
and chemokines (CCL2, CCL3, and CCL4) by ALA or MPLA in the nasal epithelial tissue
was evaluated by RT-PCR. Compared with the control group, either ALA or MPLA did
not enhance the expression of GM-CSF, which suggested that the increase of cDC2 was
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not induced by the proliferation (Figure 12C). Meanwhile, compared with the control or
MPLA group, the expression of CCL2, CCL3 and CCL4 were upregulated in the ALA
group. These results suggested that the increase of ¢cDC2 in the ALA group was due to

the recruitment by chemokines.
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4. Discussion

In this study, I demonstrated the superiority of ALA in inducing mucosal immunity
and safety in an intranasal vaccine. To reveal the mechanism of ALA as a potent
mucosal adjuvant, I compared ALA with MPLA in terms of their ability to activate cells
and signaling pathways in vitro, and the specific effect of ALA on nasal tissue ex vivo.
ALA induced both the MyD88 and TRIF signaling pathways to upregulate the
activation of DCs and potently increased the interaction between DCs and CD4™ T cells,
thus explaining ALA’s positive effect on acquired immunity when used as a vaccine
adjuvant. By using inhibitors of various transcription factors in the MyD88 or TRIF
signaling pathways, I learned that these activation effects from ALA on DCs were due
to ALA-associated induction of both the MyD88 and TRIF signaling pathways. In
contrast, MPLA was biased toward the TRIF signaling pathway and only weakly
enhanced the activation of DCs and their interaction with T cells. These differences
implicate ALA as a more effective adjuvant than MPLA. ALA induced the infiltration of
¢DC2s in the nasal tissue in the intranasal vaccine, and these cDC2s were activated in
higher expression of co-stimulatory molecules. ALA also upregulated the expression of
chemokine in the nasal tissue, which may recruit the cDC2s from circulation into the
nasal tissue. In contrast, these effects were not observed in MPLA, which implies that
ALA has advantages as an intranasal vaccine adjuvant that MLPA does not.

In a previous report, MPLA showed high safety benefits because of its bias toward
the TRIF signaling pathway [50], which is dependent on the single phosphoryl group in

36



the structure of MPLA [54]. This single phosphoryl group leads to inefficient
dimerization of the TLR4-MD-2 complex, which thus decreases the induction of
MyD88 but has almost no effect on the TRIF signaling pathway [55]. In previous
reports, pathogen-derived LPS induced a strong MyD88 cascade, which produced
excessive inflammatory cytokines and inflammasomes and led to the liver and neuron
damage [56], [57], thus disqualifying it as a safe adjuvant, whereas the TRIF-biased
MPLA showed sufficient safety. Consequently, numerous chemical mimetic compounds
based on the structure-activity relationship of MPLA have been designed and tested to
obtain more effective and safer TRIF-bias adjuvants[58], [59]. We previously
demonstrated in vivo the safety of both Alcaligenes LPS and lipid A as adjuvants [30],
[33], [60]; these findings prompted us to suppose that ALA—Iike MPLA—is TRIF-
biased. However, my current results from the signaling pathway experiments (Figure 9)
refuted my hypothesis. Furthermore, my preliminary studies comparing ALA and
MPLA showed that they had similar levels of safety in vivo (Figure 4). To explain the
similarity, I thought that downmodulating the induction of the MyD88 signaling
pathway might improve the safety of the adjuvant. In our previous study, Alcaligenes
LPS induced much milder IL-6 expression and inflammation in the lung than E. coli
LPS did [30], and more importantly, by upregulating the activation of DCs and T cells,
the synergy between the MyD88 and TRIF signaling pathways may increase vaccine

adjuvanticity [61]. Furthermore, in our previous study, Alcaligenes LPS induced only
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IL-17" T cells, which are considered protective Th17 cells, but not IFN-y"IL-17" T cells

[62], which—as pathogenic Th17 cells—cause autoimmunity diseases [60].
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Figure 13. The molecular structure of lipid A variants.

Moreover, ALA has a unique structure in terms of the location, length, and
modification of its acyl groups; these features may contribute to the ability of ALA—
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compared with other varieties of lipid A—to immunomodulate without toxicity by
appropriately activating the MyD88 signaling pathway [63]. For most hexaacylated
lipid A molecules, the distribution of the acyl groups on the backbone is asymmetric
(4+2), whereas other lipid A molecules—including ALA—have a symmetric (3+3)
distribution of acyl groups [64]. The volume of the hydrophobic part of lipid A that is
derived from the length of these acyl chains and their distribution is closely related to
the TLR4/MD2 activation potential. That is, five of the six acyl chains of the canonical
hexaacylated lipid A are positioned in the hydrophobic MD-2 pocket, and the remaining
acyl chain interacts with the hydrophobic surface of the neighboring TLR4 [64]. These
interactions contribute to TLR4/MD-2 complex dimerization, which triggers the
activation of innate immunity [19]. Therefore, lipid A that is hypo-acylated or has
relatively short acyl groups cannot induce TLR4/MD-2 complex dimerization and tends
to show antagonistic activity. In previous studies, the symmetric lipid A variants from C.
violaceum and R. gelatinosus, which have relatively short acyl chains (i.e., 10- or 12-
carbon acyl groups), were immunoantagonistic[64], [65]. In contrast, the symmetric
lipid A molecules from N. meningitides and V. cholerae, which have 12- or 14-carbon
acyl groups and thus are similar to the lipid A of E coli, have highly similar
immunostimulatory effects [66]. The structural properties of ALA are similar to those of
N. meningitides and V. cholera, but ALA has a short, 10-carbon acyl chain—this
intermediate hydrophobicity may be the key to low-toxicity immune activation. In
addition, the secondary acyl chain of ALA carries a hydroxyl group [31], which is
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relatively rare. These unique structures may contribute to the low-toxicity
immunomodulatory properties of ALA.

In the evaluation of the phosphorylation in MyD88 KO and WT BMDC:s, the
phosphorylation of c-jun was completely blocked while the phosphorylation of p65 was
partially blocked. In some recent studies, TLR4 induces not only the MyD88 and TRIF
signaling pathway, but also the phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway [67]. The PI3K/Akt signaling pathway can activate the NF-xB but has no
influence on AP-1, which explains the partial block in the phosphorylation of p65 when
MyD88 was knockout.

The clinical application of ALA in vaccines is an important issue. One of the
properties of ALA is that it induces potent Th17 cell responses in vivo and in vitro but
almost no Th1 cell response [33], [34]. My current study revealed that this property was
because ALA induced BMDC:s to produce IL-6 and IL-23 but not IL-12. Furthermore,
ALA could recruit the cDC2s into the nasal tissue, which had the potential to polarize a
Th17 response. Currently, almost none of the adjuvants currently in use are Th17-
specific [68]. In mucosal immunity, although it is unclear just how Th17 cells promote
IgA class switching on B cells, the help from Th17 cells is indispensable in the
expression of antigen-specific high-affinity IgA [69], [14]. In addition to the induction
of IgA, the Th17 cell itself can effectively protect the host from respiratory infections
[70]. In previous reports, the intranasal administration of the outer membrane vesicle
pertussis vaccine (omvPV) can protect mice from the infection of B. pertussis [71].
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Intranasal boost administration of SARS-CoV-2 spike ectodomain with the adjuvant
CFAOI1 induced higher antigen-specific IgA secretion in the upper respiratory tract than
subcutaneous administration [72]. In our previous study, the intranasal administration of
ALA by adding PspA can efficiently protect the mice from the infection of
Streptococcus pneumonia [34]. The vaccines adding the ALA as an adjuvant have the
potential to protect from respiratory pathogens.

The experiments in which I used takinib and GSK8612 to reveal the dependency of
cytokine expression on MyD88 and TRIF yielded some unexpected results. First,
takinib partially decreased but did not completely inhibit the expression of MCP-1
(Figure 11B). Most previous reports have claimed that MCP-1 is either a TRIF-
dependent or MyD88-independent cytokine [49], [54], [73]. However, the presence of
kB sequences in MCP-1 and other TRIF-dependent genes (i.e., [P-10, RANTES, and
IFN-B) [74] suggests that NF-xB might participate in the regulation of TRIF-dependent
genes. One previous study [75] clearly explains the special regulation of TRIF-
dependent genes in TLR signaling; specifically, p65 of NF-«xB is an indispensable
adaptor in the IRF3-induced transcription of TLR4 and TLRO signaling but not TLR3
signaling. Although the differences between TRIF from TLR4 and TRIF from TLR3
remain unclear, they could perhaps explain apparent contradictions between my results
and those of other reports. Second, GSK8612 upregulated the expression of MHC 11,
CD80, and CD86 (Figure 11C—F), suggesting an inhibitory effect of TBK1—or other,
unknown GSK8612 targets—on the MyD88 signaling pathway [76], [77].
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As a limitation of the current study, I discussed the effects of ALA and MPLA on
BMDCs, however, BMDCs are not the best representation of DCs. Both in mice and
humans, the subtypes of DCs are divided into conventional DC1 (cDC1), ¢cDC2,
plasmacytoid DC (pDC), and monocyte-derived DC (moDC), which have different
phenotypes and immunity functions [78]. According to their expression of TLR4, high-
level expression was reported on moDC, while the expression on pDC, ¢cDC1, and
cDC2 is relatively low, which suggested a more potent response to ALA on moDC [79].
To their immunity function, cDC2 and moDC had the potential to induce Th17 cell
response [80], like the ALA-educated BMDC. The specific target cells of ALA in vivo is
still needed to discover.

Finally, in the intranasal administration of ALA or MPLA, ALA is superior to
MPLA more than in the subcutaneous administration (Figure 3). The enhancement of
ALA in subcutaneous administration can be attributed to the potent activation on DCs
and T cells by ALA, which we discussed on BMDC and BMDC-T cell co-culture in
vitro; however, the superiority of ALA in intranasal administration has a relationship
with the specific effect from ALA in the nasal cavity as well. The intranasal
administration of ALA induced activated cDC?2 infiltration in the nasal tissue (Figure
12A-B), but the same effect was not observed in the subcutaneous administration of
ALA (data not shown). The cDC2 is an important inducer in the T follicular helper cell
(Tm) —dependent antibody response [81] and polarizes the Th17 response in the airway
[82]. As the previous report, cDC2 can be recruited by the chemokine (such as CCL2,
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CCL3, and CCLA4) to peripheral tissue in inflammation [83]. The expression of CCL2,
CCL3, and CCL4 was evaluated in the nasal tissue induced by ALA, which suggests the
source of cDC2 (Figure 12C). Besides the cDC?2 itself, several kinds of cells can
express chemokines under stimulation. Other kinds of APCs, such as macrophages can
secrete CCL2, CCL3, and CCLA4 [84], as well as the stromal cells [85]. Moreover, the
epithelial cells and mast cells can be the source of CCL2 as well [86], [87]. The
particular source of chemokine still needs to be discovered.

In conclusion, ALA showed potent adjuvanticity and enough safety on the
intranasal vaccine. As the mechanism, ALA induced both the MyD88 and TRIF
signaling pathways, whereas induction by MPLA was TRIF-biased. In particular, ALA-
induced BMDCs expressed higher levels of MHC II, costimulatory molecules, and
cytokines such as IL-6 but the same level of MCP-1 expression as BMDCs treated with
MPLA. Consequently, ALA-educated BMDCs had better antigen presentation and Th17
cell differentiation than those primed by using MPLA. Moreover, ALA stimulated the
expression of chemokines in the nasal tissue, which recruited the CD11b" ¢cDC2 and

induced the Th17 response in vivo.

43



Acknowledgment

My most profound appreciation goes to Professor Jun Kunisawa, Laboratory of
Vaccine Materials, Graduate School of Pharmaceutical Sciences, Osaka University, my
Ph.D. advisor and mentor, for his time, effort, and understanding in helping me succeed
in my studies. In addition, I’d like to thank Professor Shinsaku Nakagawa, Laboratory
of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Osaka University,
and Professor Masuo Kondoh, Regulatory Science for Pharmaceuticals and Medical
Devices, Graduate School of Pharmaceutical Sciences, Osaka University, for their
valuable comments as vice-chairpersons.

I thankfully acknowledge the support and inspiration that I received from the
researchers from Laboratory of Vaccine Materials, National Institutes of Biomedical
Innovation, Health and Nutrition, especially, Dr. Koji Hosomi, Dr. Azusa Saika, Dr.
Soichiro Kawai, and Dr. Saki Kondo, and Dr. Takahiro Nagatake, the former senior
researcher in this laboratory.

I’d like to express my gratitude to Professor Koichi Fukase, Assistant Professor
Atsushi Shimoyama, Laboratory for Natural Product Chemistry, Department of
Chemistry, Graduate School of Science, Osaka University, and their team for their
advice and the providing of Alcaligenes lipid A. In addition, I’d like to thank Professor
Shizuo Akira, Laboratory of Host Defense, Immunology Frontier Research Center,
Osaka University, and Professor Ken J. Ishii, Division of Vaccine Science, The Institute
of Medical Science, The University of Tokyo, for the providing of TLR4 and MyD88

44



knockout mice.
Finally, I’d like to thank all the technical assistants and research trainees for their
technical assistance throughout my research and the fun times we had working and

socializing together.

45



References

[1]

[2]

[3]

[4]

[5]

S. Ols, L. Yang, E.A. Thompson, P. Pushparaj, K. Tran, F. Liang, A. Lin, B.
Eriksson, G.B. Karlsson Hedestam, R.T. Wyatt, K. Loré, Route of Vaccine
Administration Alters Antigen Trafficking but Not Innate or Adaptive Immunity,
Cell Rep. 30 (2020) 3964-3971.e7. doi:10.1016/j.celrep.2020.02.111.

D.C.C. Tang, H.H. Nguyen, The Yin-Yang arms of vaccines: Disease-fighting
power versus tissue-destructive inflammation, Expert Rev. Vaccines. 13 (2014)
417-427. doi:10.1586/14760584.2014.882775.

L. Zhang, W. Wang, S. Wang, Effect of vaccine administration modality on
immunogenicity and efficacy, Expert Rev. Vaccines. 14 (2015) 1509-1523.
d0i:10.1586/14760584.2015.1081067.

C. Calzas, C. Chevalier, Innovative mucosal vaccine formulations against
influenza a virus infections, Front. Immunol. 10 (2019) 1-21.
d0i:10.3389/fimmu.2019.01605.

S. Afkhami, M.R. D’Agostino, A. Zhang, H.D. Stacey, A. Marzok, A. Kang, R.
Singh, J. Bavananthasivam, G. Ye, X. Luo, F. Wang, J.C. Ang, A. Zganiacz, U.
Sankar, N. Kazhdan, J.F.E. Koenig, A. Phelps, S.F. Gameiro, S. Tang, M.
Jordana, Y. Wan, K.L. Mossman, M. Jeyanathan, A. Gillgrass, M.F.C. Medina,
F. Smaill, B.D. Lichty, M.S. Miller, Z. Xing, Respiratory mucosal delivery of
next-generation COVID-19 vaccine provides robust protection against both
ancestral and variant strains of SARS-CoV-2, Cell. 185 (2022) 896-915.e19.

46



[6]

[7]

[8]

[9]

[10]

[11]

[12]

doi:10.1016/j.cell.2022.02.005.

P.A. Kozlowski, A. Aldovini, Mucosal Vaccine Approaches for Prevention of
HIV and SIV Transmission, Curr. Immunol. Rev. 15 (2018) 102-122.
d0i:10.2174/1573395514666180605092054.

E.C. Lavelle, R.W. Ward, Mucosal vaccines — fortifying the frontiers, Nat. Rev.
Immunol. 22 (2022) 236-250. doi:10.1038/s41577-021-00583-2.

A. Aluy, L. Chen, H. Lei, Y. Wei, X. Tian, X. Wei, Intranasal COVID-19
vaccines: From bench to bed, EBioMedicine. 76 (2022) 103841.
doi:10.1016/j.ebiom.2022.103841.

R. Luria-Pérez, L.A. Sanchez-Vargas, P. Mufioz-Lopez, G. Mellado-Sanchez,
Mucosal Vaccination: A Promising Alternative Against Flaviviruses, Front. Cell.
Infect. Microbiol. 12 (2022) 1-20. doi:10.3389/fcimb.2022.887729.

J. Helft, F. Ginhoux, M. Bogunovic, M. Merad, Origin and functional
heterogeneity of non-lymphoid tissue dendritic cells in mice, Immunol. Rev. 234
(2010) 55-75. d0i:10.1111/j.0105-2896.2009.00885.x.

F. Allen, A.A. Tong, A.Y. Huang, Unique transcompartmental bridge: Antigen-
presenting cells sampling across endothelial and mucosal barriers, Front.
Immunol. 7 (2016) 1-8. doi:10.3389/fimmu.2016.00231.

S. Pai, V. Muruganandah, A. Kupz, What lies beneath the airway mucosal
barrier? Throwing the spotlight on antigen-presenting cell function in the lower
respiratory tract, Clin. Transl. Immunol. 9 (2020) 1-13. doi:10.1002/cti2.1158.

47



[13] R. Nowarski, R. Jackson, R.A. Flavell, The Stromal Intervention: Regulation of
Immunity and Inflammation at the Epithelial-Mesenchymal Barrier, Cell. 168
(2017) 362—375. d0i:10.1016/j.cell.2016.11.040.

[14] P.J. Milpied, M.G. McHeyzer-Williams, High-affinity IgA needs TH 17 cell
functional plasticity, Nat. Immunol. 14 (2013) 313-315. d0i:10.1038/ni.2567.

[15] C. Reis E Sousa, Activation of dendritic cells: Translating innate into adaptive
immunity, Curr. Opin. Immunol. 16 (2004) 21-25.
d0i:10.1016/j.c0i.2003.11.007.

[16] N.I. Ho, L.G.M. Huis In ’t Veld, T.K. Raaijmakers, G.J. Adema, Adjuvants
Enhancing Cross-Presentation by Dendritic Cells: The Key to More Effective
Vaccines?, Front. Immunol. 9 (2018) 2874. doi:10.3389/fimmu.2018.02874.

[17] B.J. Skidmore, J.M. Chiller, W.O. Weigle, R. Riblet, J. Watson, Immunologic
properties of bacterial lipopolysaccharide (LPS): I11. Genetic linkage between the
in vitro mitogenic and in vivo adjuvant properties of LPS*, J. Exp. Med. 143
(1976) 143-150. d0i:10.1084/jem.143.1.143.

[18] C.R.H. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Annu. Rev.
Biochem. 71 (2002) 635—700. doi:10.1146/annurev.biochem.71.110601.135414.

[19] B.S. Park, J.O. Lee, Recognition of lipopolysaccharide pattern by TLR4
complexes, Exp. Mol. Med. 45 (2013). doi:10.1038/emm.2013.97.

[20] T.M. Wassenaar, K. Zimmermann, Lipopolysaccharides in food, food
supplements, and probiotics: should we be worried?, Eur. J. Microbiol. Immunol.

48



[21]

[22]

[23]

[24]

[25]

[26]

8 (2018) 63-69. doi:10.1556/1886.2018.00017.

J.K. Bohannon, A. Hernandez, P. Enkhbaatar, W.L. Adams, E.R. Sherwood, The
immunobiology of toll-like receptor 4 agonists: From endotoxin tolerance to
immunoadjuvants, Shock. 40 (2013) 451-462.
doi:10.1097/SHK.0000000000000042.

R.S. Johnson, G.R. Her, J. Grabarek, J. Hawiger, V.N. Reinhold, Structural
characterization of monophosphoryl Lipid A homologs obtained from Salmonella
minnesota Re595 lipopolysaccharide, J. Biol. Chem. 265 (1990) 8108-8116.
d0i:10.1016/s0021-9258(19)39044-1.

S. Lang, X. Huang, Carbohydrate Conjugates in Vaccine Developments, Front.
Chem. 8 (2020) 1-25. doi:10.3389/fchem.2020.00284.

A. Monie, C.F. Hung, R. Roden, T.C. Wu, Cervarix™:A vaccine for the
prevention of HPV 16, 18-associated cervical cancer, Biol. Targets Ther. 2
(2008) 107-113. d0i:10.2147/btt.s1877.

J.J. Tejada-Pérez, J.J. Vazquez-Vicente, M.R. Herrera-Burgos, F.G. Martin-
Martin, T. Parron-Carrefio, R. Alarcon-Rodriguez, Fendrix® vaccine
effectiveness in healthcare workers who are non-responsive to engerix b®
vaccination, Vaccines. 9 (2021) 1-9. doi:10.3390/vaccines9030279.

C. Chen, C. Zhang, R. Li, Z. Wang, Y. Yuan, H. Li, Z. Fu, M. Zhou, L. Zhao,
Monophosphoryl-Lipid A (MPLA) is an efficacious adjuvant for inactivated
rabies vaccines, Viruses. 11 (2019) 1-16. doi:10.3390/v11121118.

49



[27] R.Ravindran, S. Bhowmick, A. Das, N. Ali, Comparison of BCG, MPL and
cationic liposome adjuvant systems in leishmanial antigen vaccine formulations
against murine visceral leishmaniasis, BMC Microbiol. 10 (2010).
doi:10.1186/1471-2180-10-181.

[28] T. Obata, Y. Goto, J. Kunisawa, S. Sato, M. Sakamoto, H. Setoyama, T. Matsuki,
K. Nonaka, N. Shibata, M. Gohda, Y. Kagiyama, T. Nochi, Y. Yuki, Y.
Fukuyama, A. Mukai, S. Shinzaki, K. Fujihashi, C. Sasakawa, H. lijima, M.
Goto, Y. Umesaki, Y. Benno, H. Kiyono, Indigenous opportunistic bacteria
inhabit mammalian gut-associated lymphoid tissues and share a mucosal
antibody-mediated symbiosis, Proc. Natl. Acad. Sci. 107 (2010) 7419-7424.
d0i:10.1073/pnas.1001061107.

[29] K. Hosomi, N. Shibata, A. Shimoyama, T. Uto, T. Nagatake, Y. Tojima, T.
Nishino, H. Takeyama, K. Fukase, H. Kiyono, J. Kunisawa, Lymphoid Tissue—
Resident Alcaligenes Establish an Intracellular Symbiotic Environment by
Creating a Unique Energy Shift in Dendritic Cells, Front. Microbiol. 11 (2020)
1-10. doi:10.3389/fmicb.2020.561005.

[30] N. Shibata, J. Kunisawa, K. Hosomi, Y. Fujimoto, K. Mizote, N. Kitayama, A.
Shimoyama, H. Mimuro, S. Sato, N. Kishishita, K.J. Ishii, K. Fukase, H. Kiyono,
Lymphoid tissue-resident Alcaligenes LPS induces IgA production without
excessive inflammatory responses via weak TLR4 agonist activity, Mucosal
Immunol. 11 (2018) 693—702. d0i:10.1038/mi.2017.103.

50



[31]

[32]

[33]

[34]

A. Shimoyama, F. Di Lorenzo, H. Yamaura, K. Mizote, A. Palmigiano, M.D.
Pither, I. Speciale, T. Uto, S. Masui, L. Sturiale, D. Garozzo, K. Hosomi, N.
Shibata, K. Kabayama, Y. Fujimoto, A. Silipo, J. Kunisawa, H. Kiyono, A.
Molinaro, K. Fukase, Lipopolysaccharide from Gut-Associated Lymphoid-
Tissue-Resident Alcaligenes faecalis: Complete Structure Determination and
Chemical Synthesis of Its Lipid A, Angew. Chemie - Int. Ed. 60 (2021) 10023—
10031. doi:10.1002/anie.202012374.

A. Shimoyama, K. Fukase, Lipid A-Mediated bacterial-host chemical ecology:
Synthetic research of bacterial lipid as and their development as adjuvants,
Molecules. 26 (2021). doi:10.3390/molecules26206294.

Y. Wang, K. Hosomi, A. Shimoyama, K. Yoshii, H. Yamaura, T. Nagatake, T.
Nishino, H. Kiyono, K. Fukase, J. Kunisawa, Adjuvant activity of synthetic lipid
a of alcaligenes, a gut-associated lymphoid tissue-resident commensal bacterium,
to augment antigen-specific IgG and Th17 responses in systemic vaccine,
Vaccines. 8 (2020) 1-12. doi:10.3390/vaccines8030395.

K. Yoshii, K. Hosomi, A. Shimoyama, Y. Wang, H. Yamaura, T. Nagatake, H.
Suzuki, H. Lan, H. Kiyono, K. Fukase, J. Kunisawa, Chemically synthesized
alcaligenes lipid a shows a potent and safe nasal vaccine adjuvant activity for the
induction of streptococcus pneumoniae-specific IgA and Th17 mediated
protective immunity, Microorganisms. 8 (2020) 1-20.
doi:10.3390/microorganisms8081102.

51



[35] Z. Liu, K. Hosomi, A. Shimoyama, K. Yoshii, X. Sun, H. Lan, Y. Wang, H.
Yamaura, D. Kenneth, A. Saika, T. Nagatake, H. Kiyono, K. Fukase, J.
Kunisawa, Chemically Synthesized Alcaligenes Lipid A as an Adjuvant to
Augment Immune Responses to Haemophilus Influenzae Type B Conjugate
Vaccine, Front. Pharmacol. 12 (2021) 1-9. doi:10.3389/fphar.2021.763657.

[36] K. Hoshino, O. Takeuchi, T. Kawai, H. Sanjo, T. Ogawa, Y. Takeda, K. Takeda,
S. Akira, Cutting Edge: Toll-Like Receptor 4 (TLR4)-Deficient Mice Are
Hyporesponsive to Lipopolysaccharide: Evidence for TLR4 as the Lps Gene
Product. J. Immunol. 1999. 162: 3749-3752., J. Immunol. 162 (1999) 3749-3752.

[37] K.J. Ishii, C. Coban, H. Kato, K. Takahashi, Y. Torii, F. Takeshita, H. Ludwig,
G. Sutter, K. Suzuki, H. Hemmi, S. Sato, M. Yamamoto, S. Uematsu, T. Kawai,
O. Takeuchi, S. Akira, A toll-like receptor-independent antiviral response
induced by double-stranded B-form DNA, Nat. Immunol. 7 (2006) 40-48.
d0i:10.1038/ni1282.

[38] T.ten Broeke, R. Wubbolts, W. Stoorvogel, MHC class Il antigen presentation
by dendritic cells regulated through endosomal sorting, Cold Spring Harb.
Perspect. Biol. 5 (2013) 1-21. doi:10.1101/cshperspect.a016873.

[39] T. Nakamura, R. Moriguchi, K. Kogure, N. Shastri, H. Harashima, Efficient
MHC class | presentation by controlled intracellular trafficking of antigens in
octaarginine-modified liposomes, Mol. Ther. 16 (2008) 1507-1514.
doi:10.1038/mt.2008.122.

52



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

K.C. Howland, L.J. Ausubel, C.A. London, A.K. Abbas, The Roles of CD28 and
CD40 Ligand in T Cell Activation and Tolerance, J. Immunol. 164 (2000) 4465—
4470. doi:10.4049/jimmunol.164.9.4465.

D. Cibrian, F. Sanchez-Madrid, CD69: from activation marker to metabolic
gatekeeper, Eur. J. Immunol. 47 (2017) 946-953. doi:10.1002/eji.201646837.
M.E. Martinez-Sanchez, L. Huerta, E.R. Alvarez-Buylla, C.V. Lujan, Role of
cytokine combinations on CD4+ T cell differentiation, partial polarization, and
plasticity: Continuous network modeling approach, Front. Physiol. 9 (2018) 1-
14. doi:10.3389/fphys.2018.00877.

S.A. Luther, J.G. Cyster, Chemokines as regulators of T cell differentiation, Nat.
Immunol. 2 (2001) 102-107. doi:10.1038/84205.

L. Gu, S. Tseng, R.M. Horner, C. Tam, M. Loda, B.J. Rollins, Control of T(H) 2
polarization by the chemokine monocyte chemoattractant protein-1, Nature. 404
(2000) 407—411. d0i:10.1038/35006097.

J. Bystrom, T.E. Taher, M.S. Muhyaddin, F.I. Clanchy, P. Mangat, A.S. Jawad,
R.O. Williams, R.A. Mageed, Harnessing the Therapeutic Potential of Th17
Cells, Mediators Inflamm. 2015 (2015). doi:10.1155/2015/205156.

C.R. Casella, T.C. Mitchell, Putting endotoxin to work for us: Monophosphoryl
lipid a as a safe and effective vaccine adjuvant, Cell. Mol. Life Sci. 65 (2008)
3231-3240. doi:10.1007/s00018-008-8228-6.

H. Shen, B.M. Tesar, W.E. Walker, D.R. Goldstein, Dual Signaling of MyD88

53



[48]

[49]

[50]

[51]

[52]

[53]

and TRIF Is Critical for Maximal TLR4-Induced Dendritic Cell Maturation, J.
Immunol. 181 (2008) 1849-1858. doi:10.4049/jimmunol.181.3.1849.

AJ. Lee, K.J. Cho, J.H. Kim, MyD88-BLT2-dependent cascade contributes to
LPS-induced interleukin-6 production in mouse macrophage, Exp. Mol. Med. 47
(2015) e156. doi:10.1038/emm.2015.8.

R. Ahmad, A. Al-Roub, S. Kochumon, N. Akther, R. Thomas, M. Kumari, M.S.
Koshy, A. Tiss, Y.A. Hannun, J. Tuomilehto, S. Sindhu, E.D. Rosen, The
Synergy between Palmitate and TNF-a for CCL2 Production Is Dependent on the
TRIF/IRF3 Pathway: Implications for Metabolic Inflammation, J. Immunol. 200
(2018) 3599-3611. doi:10.4049/jimmunol.1701552.

V. Mata-Haro, C. Cekic, M. Martin, P.M. Chilton, C.R. Casella, T.C. Mitchell,
The vaccine adjuvant monophosphoryl lipid A as a TRIF-biased agonist of
TLRA4, Science (80-.). 316 (2007) 1628-1632. doi:10.1126/science.1138963.

S. Akira, S. Uematsu, O. Takeuchi, Pathogen recognition and innate immunity,
Cell. 124 (2006) 783-801. doi:10.1016/j.cell.2006.02.015.

S.A. Scarneo, A. Mansourati, L.S. Eibschutz, J. Totzke, J.R. Roques, D. Loiselle,
D. Carlson, P. Hughes, T.A.J. Haystead, Genetic and pharmacological validation
of TAKL inhibition in macrophages as a therapeutic strategy to effectively inhibit
TNF secretion, Sci. Rep. 8 (2018) 1-11. doi:10.1038/s41598-018-35189-7.

D.W. Thomson, D. Poeckel, N. Zinn, C. Rau, K. Strohmer, A.J. Wagner, A.P.
Graves, J. Perrin, M. Bantscheff, B. Duempelfeld, V. Kasparcova, J.M.

54



[54]

[55]

[56]

[57]

[58]

[59]

Ramanjulu, G.S. Pesiridis, M. Muelbaier, G. Bergamini, Discovery of GSK8612,
a Highly Selective and Potent TBK1 Inhibitor, ACS Med. Chem. Lett. 10 (2019)
780-785. doi:10.1021/acsmedchemlett.9b00027.

C. Cekic, C.R. Casella, C.A. Eaves, A. Matsuzawa, H. Ichijo, T.C. Mitchell,
Selective activation of the p38 MAPK pathway by synthetic monophosphoryl
lipid A, J. Biol. Chem. 284 (2009) 31982-31991. d0i:10.1074/jbc.M109.046383.
C.R. Casella, T.C. Mitchell, Inefficient TLR4/MD-2 Heterotetramerization by
Monophosphoryl Lipid A, PLoS One. 8 (2013) 19-21.
doi:10.1371/journal.pone.0062622.

M. Kader, M. Alaoui-EL-Azher, J. Vorhauer, B.B. Kode, J.Z. Wells, D. Stolz, G.
Michalopoulos, A. Wells, M. Scott, N. Ismail, MyD88-dependent inflammasome
activation and autophagy inhibition contributes to Ehrlichia-induced liver injury
and toxic shock, 2017. doi:10.1371/journal.ppat.1006644.

J.M. Dean, X. Wang, A.M. Kaindl, P. Gressens, B. Fleiss, H. Hagberg, C.
Mallard, Microglial MyD88 signaling regulates acute neuronal toxicity of LPS-
stimulated microglia in vitro, Brain. Behav. Immun. 24 (2010) 776-783.
doi:10.1016/j.bbi.2009.10.018.

B.S. Thompson, The low-toxicity versions of LPS, MPL(R) adjuvant and RC529,
are efficient adjuvants for CD4+ T cells, J. Leukoc. Biol. 78 (2005) 1273-1280.
doi:10.1189/jIb.0305172.

W.S. Bowen, L.A. Minns, D.A. Johnson, T.C. Mitchell, M.M. Hutton, J.T.

55



[60]

[61]

[62]

[63]

[64]

Evans, Selective TRIF-dependent signaling by a synthetic toll-like receptor 4
agonist, Sci. Signal. 5 (2012) 1-11. doi:10.1126/scisignal.2001963.

Y. Wang, K. Hosomi, A. Shimoyama, K. Yoshii, T. Nagatake, Y. Fujimoto, H.
Kiyono, K. Fukase, J. Kunisawa, Lipopolysaccharide Derived From the
Lymphoid-Resident Commensal Bacteria Alcaligenes faecalis Functions as an
Effective Nasal Adjuvant to Augment IgA Antibody and Th17 Cell Responses,
Front. Immunol. 12 (2021) 1-10. doi:10.3389/fimmu.2021.699349.

M.T. Orr, M.S. Duthie, H.P. Windish, E.A. Lucas, J.A. Guderian, T.E. Hudson,
N. Shaverdian, J. O’Donnell, A.L. Desbien, S.G. Reed, R.N. Coler, MyD88 and
TRIF synergistic interaction is required for TH1-cell polarization with a synthetic
TLR4 agonist adjuvant, Eur. J. Immunol. 43 (2013) 2398-2408.
doi:10.1002/eji.201243124.

S.N. Harbour, C.L. Maynard, C.L. Zindl, T.R. Schoeb, C.T. Weaver, Th17 cells
give rise to Th1l cells that are required for the pathogenesis of colitis, Proc. Natl.
Acad. Sci. U. S. A. 112 (2015) 7061-7066. doi:10.1073/pnas.1415675112.

X. Xiao, K. Sankaranarayanan, C. Khosla, Biosynthesis and structure—activity
relationships of the lipid a family of glycolipids, Curr. Opin. Chem. Biol. 40
(2017) 127-137. doi:10.1016/j.cbpa.2017.07.008.

U. Seydel, M. Oikawa, K. Fukase, S. Kusumoto, K. Brandenburg, Intrinsic
conformation of lipid A is responsible for agonistic and antagonistic activity, Eur.
J. Biochem. 267 (2000) 3032—-3039. doi:10.1046/j.1432-1033.2000.01326.x.

56



[65]

[66]

[67]

[68]

[69]

[70]

A.B. Schromm, K. Brandenburg, H. Loppnow, A.P. Moran, M.H.J. Koch, E.T.
Rietschel, U. Seydel, Biological activities of lipopolysaccharides are determined
by the shape of their lipid A portion, Eur. J. Biochem. 267 (2000) 2008-2013.
d0i:10.1046/j.1432-1327.2000.01204.x.

S.M. Zughaier, S.M. Zimmer, A. Datta, R.W. Carlson, D.S. Stephens,
Differential induction of the toll-like receptor 4-MyD88-dependent and -
independent signaling pathways by endotoxins, Infect. Immun. 73 (2005) 2940
2950. doi:10.1128/1A1.73.5.2940-2950.2005.

Y. Yang, J. Lv, S. Jiang, Z. Ma, D. Wang, W. Hu, C. Deng, C. Fan, S. Di, Y.
Sun, W. Yi, The emerging role of toll-like receptor 4 in myocardial
inflammation, Cell Death Dis. 7 (2016) 1-10. doi:10.1038/cddis.2016.140.

E.N. Miyaji, E. Carvalho, M.L.S. Oliveira, I. Raw, P.L. Ho, Trends in adjuvant
development for vaccines: DAMPs and PAMPs as potential new adjuvants,
Brazilian J. Med. Biol. Res. 44 (2011) 500-513. d0i:10.1590/S0100-
879X2011007500064.

D. Christensen, R. Mortensen, I. Rosenkrands, J. Dietrich, P. Andersen, Vaccine-
induced Th17 cells are established as resident memory cells in the lung and
promote local IgA responses, Mucosal Immunol. 10 (2017) 260-270.
doi:10.1038/mi.2016.28.

A. Peck, E.D. Mellins, Precarious balance: Th17 cells in host defense, Infect.
Immun. 78 (2010) 32—38. doi:10.1128/1A1.00929-09.

57



[71]

[72]

[73]

[74]

[75]

R.H.M. Raeven, D. Rockx-Brouwer, G. Kanojia, L. van der Maas, T.H.E.
Bindels, R. ten Have, E. van Riet, B. Metz, G.F.A. Kersten, Intranasal
immunization with outer membrane vesicle pertussis vaccine confers broad
protection through mucosal 1gA and Th17 responses, Sci. Rep. 10 (2020) 1-11.
d0i:10.1038/s41598-020-63998-2.

D. Christensen, C. Polacek, D.J. Sheward, L. Hanke, A. Moliner-Morro, G.
Mclnerney, B. Murrell, K.T. Hartmann, H.E. Jensen, G. Jungersen, K. Illigen,
L.K. Isling, R.F. Jensen, J.S. Hansen, I. Rosenkrands, C. Fernandez-Antunez, S.
Ramirez, F. Follmann, J. Bukh, G.K. Pedersen, Protection against SARS-CoV-2
transmission by a parenteral prime—Intranasal boost vaccine strategy,
EBioMedicine. 84 (2022) 104248. doi:10.1016/j.ebiom.2022.104248.

N. V Serbina, W. Kuziel, R. Flavell, S. Akira, B. Rollins, E.G. Pamer, N. Haven,
Sequential MyD88-Independent and -Dependent Activation of Innate Immune
Responses to Intracellular Bacterial Infection University of Texas at Austin,
Infection. 19 (2003) 891-901.

T.H. Leung, A. Hoffmann, D. Baltimore, One Nucleotide in a kB Site Can
Determine Cofactor Specificity for NF-xB Dimers, Cell. 118 (2004) 453—-464.
https://doi.org/10.1016/j.cell.2004.08.007.

S. Ogawa, J. Lozach, C. Benner, G. Pascual, R.K. Tangirala, S. Westin, A.
Hoffmann, S. Subramaniam, M. David, M.G. Rosenfeld, C.K. Glass, Molecular
determinants of crosstalk between nuclear receptors and toll-like receptors, Cell.

58



[76]

[77]

[78]

[79]

[80]

[81]

122 (2005) 707—-721. doi:10.1016/j.cell.2005.06.029.

J. Jin, Y. Xiao, J.H. Chang, J. Yu, H. Hu, R. Starr, G.C. Brittain, M. Chang, X.
Cheng, S.C. Sun, The kinase TBK1 controls IgA class switching by negatively
regulating noncanonical NF-«B signaling, Nat. Immunol. 13 (2012) 1101-11009.
d0i:10.1038/ni.2423.

C. Wang, T. Chen, J. Zhang, M. Yang, N. Li, X. Xu, X. Cao, The E3 ubiquitin
ligase Nrdp1 “preferentially” promotes TLR-mediated production of type |
interferon, Nat. Immunol. 10 (2009) 744—752. doi:10.1038/ni.1742.

S. Kumar, Y. Jeong, M.U. Ashraf, Y.S. Bae, Dendritic cell-mediated th2
immunity and immune disorders, Int. J. Mol. Sci. 20 (2019).
d0i:10.3390/ijms20092159.

M. Dalod, R. Chelbi, B. Malissen, T. Lawrence, Dendritic cell maturation:
Functional specialization through signaling specificity and transcriptional
programming, EMBO J. 33 (2014) 1104-1116. doi:10.1002/embj.201488027.
A. Schlitzer, F. Ginhoux, Organization of the mouse and human DC network,
Curr. Opin. Immunol. 26 (2014) 90-99. doi:10.1016/j.¢c0i.2013.11.002.

J.K. Krishnaswamy, U. Gowthaman, B. Zhang, J. Mattsson, L. Szeponik, D. Liu,
R. Wu, T. White, S. Calabro, L. Xu, M.A. Collet, M. Yurieva, S. Alsén, P.
Fogelstrand, A. Walter, W.R. Heath, S.N. Mueller, U. Yrlid, A. Williams, S.C.
Eisenbarth, Migratory CD11b+ conventional dendritic cells induce T follicular
helper cell-dependent antibody responses, Sci. Immunol. 2 (2017) 1-14.

59



doi:10.1126/sciimmunol.aam9169.

[82] G. Izumi, H. Nakano, K. Nakano, G.S. Whitehead, S.A. Grimm, M.B. Fessler,
P.W. Karmaus, D.N. Cook, CD11b+ lung dendritic cells at different stages of
maturation induce Th17 or Th2 differentiation, Nat. Commun. 12 (2021) 1-16.
d0i:10.1038/s41467-021-25307-X.

[83] N. Bles, M. Horckmans, A. Lefort, F. Libert, P. Macours, H. EI Housni, F.
Marteau, J.-M. Boeynaems, D. Communi, Gene Expression Profiling Defines
ATP as a Key Regulator of Human Dendritic Cell Functions, J. Immunol. 179
(2007) 3550-3558. doi:10.4049/jimmunol.179.6.3550.

[84] T.W.K. Broughton, M.A. ElTanbouly, E. Schaafsma, J. Deng, A. Sarde, W.
Croteau, J. Li, E.C. Nowak, R. Mabaera, N.C. Smits, A. Kuta, R.J. Noelle, J.L.
Lines, Defining the Signature of VISTA on Myeloid Cell Chemokine
Responsiveness, Front. Immunol. 10 (2019) 1-13.
d0i:10.3389/fimmu.2019.02641.

[85] W. Guo, S. Imai, J. Le Yang, S. Zou, M. Watanabe, Y.X. Chu, Z. Mohammad, H.
Xu, K.D. Moudgil, F. Wei, R. Dubner, K. Ren, In vivo immune interactions of
multipotent stromal cells underlie their long-lasting pain-relieving effect, Sci.
Rep. 7 (2017) 1-2. doi:10.1038/s41598-017-10251-y.

[86] J.Yang, M. Agarwal, S. Ling, S. Teitz-Tennenbaum, R.L. Zemans, J.J.
Osterholzer, T.H. Sisson, K.K. Kim, Diverse injury pathways induce alveolar
epithelial cell CCL2/12, which promotes lung fibrosis, Am. J. Respir. Cell Mol.

60



Biol. 62 (2020) 622-632. doi:10.1165/RCMB.2019-02970C.
[87] M. Emi-Sugie, H. Saito, K. Matsumoto, Cultured human mast cells release
various chemokines after stimulation with 1L-33, Allergol. Int. 70 (2021) 386—

388. d0i:10.1016/j.alit.2020.12.002.

61



