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autophagosome clearance was likely disturbed in DM-affected adult monkey brains (Fig. 6).
The defective lysosomal-autophagosome clearance is associated with AD pathology [50, 54~
56], and the result of this study is also consistent with a previous finding that the aberrant lyso-
somal-autophagic turnover is associated with the accumudation of GAB in rodent brain [57].

Given that CatD heavy chain level was increased, i.e. lysosomal degradation was induced
(Fig. 6), the disturbance in the fusion of autophagosome and lysosome might be responsible for
impaired lysosomal-autophagosome clearance in DM-affected adult monkey brains. The fu-
sion step is indispensable for lysosomal-autophagosome clearance [58, 59] and mediated by
Rab7 [60]. In DM-affected adult monkey brains, Rab7 level was obviously increased as com-
pared to normal adult monkey brains, indicating that Rab7-mediated transport was really dis-
turbed. Growing evidences suggest that membrane-bound phosphoinositides regulate Rab-
mediated endosome trafficking [61, 62], and the metabolism of phosphoinositides was affected
by the disruption of insulin signaling [63-65]. Recent studies also showed that Rab activity is
affected by insulin signaling and that PI3K inhibition causes upregulation of Rab5 [66, 67]. In
the present study, we observed amyloid deposition in the pancreatic islets of all adult monkeys
with DM. The remaining islet cells were severely degenerated and few in number, all character-
istics of DM pathology in humans. These pancreatic pathologies suggest that insulin signaling
also would be greatly impaired in the brains of DM-affected adult monkeys (Fig. 1A-D). Thus,
although additional investigations are needed, impaired insulin signaling would exacerbate
age-related endocytic disturbances via such alteration in the metabolism of phosphoinositides
and/or Rab GTPases, inducing GAP generation and ultimately resulting in enhanced Ap pa-
thology. It is reasonable idea because of the fact that insulin resistance is the core defect in DM
[68]. In the brains of DM-affected adult monkeys, NEP levels were not affected (Fig,. 6), sug-
gesting that the enhanced SP deposition we observed is not due to disturbances in AR degrada-
tion by NEP.

In conclusion, we provide evidence that DM induces GAP generation and accelerates Af pa-
thology in vivo in cynomolgus monkey brains. Since the amino acid sequence of cynomolgus
monkey AP corresponds completely with that of human AB, it is reasonable that the enhanced
AP pathology we observed in monkeys with DM should also occur in humans with DM. More-
over, our present study showed that DM could also exacerbate endocytic disturbance. Al-
though additional studies are needed to determine more precisely the mechanisms responsible
for enhanced A pathology in the brains of DM-affected monkeys, our findings suggest that
DM may exacerbate age-dependent endocytic disturbance, leading to enhanced GAp genera-
tion and A fibril formation (Fig. 7). Importantly, several studies showed that AP impairs insu-
lin signaling itself [69-71], and then it may lead to aggravate the insulin resistance-related AD
pathology [11-13]. Thus enhanced AP pathology would contribute to DM-induced AD patho-
genesis with such other mechanism (Fig. 7). Moreover, DM may also alter neuronal activity by
exacerbating endocytic disturbance as we previously reported [46]. Hence, a reasonable thera-
peutic strategy to prevent the development of AD pathology is to treat or prevent DM.
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Cyclodextrins are commonly used as a safe excipient to enhance the solubility and bioavailability of hydrophobic pharmaceutical
agents. Their efficacies and mechanisms as drug-delivery systems have been investigated for decades, but their immunological
properties have not been examined. In this study, we reprofiled hydroxypropyl-B-cyclodextrin (HP-B-CD) as a vaccine adjuvant
and found that it acts as a potent and unique adjuvant. HP-B-CD triggered the innate immune response at the injection site, was
trapped by MARCO™ macrophages, increased Ag uptake by dendritic cells, and facilitated the generation of T follicular helper
cells in the draining lymph nodes. It significantly enhanced Ag-specific Th2 and IgG Ab responses as potently as did the
conventional adjuvant, alominum salt (alum), whereas its ability to induce Ag-specific IgE was less than that of alum. At the
injection site, HP-3-CD induced the temporary release of host dsDNA, a damage-associated molecular pattern. DNase-treated
mice, MyD88-deficient mice, and TBK1-deficient mice showed significantly reduced Ab responses after immunization with this
adjuvant. Finally, we demonstrated that HP-B-CD-adjuvanted influenza hemagglutinin split vaccine protected against a lethal
challenge with a clinically isolated pandemic HIN1 influenza virus, and the adjuvant effect of HP-B-CD was demonstrated in
cynomolgus macaques. Our results suggest that HP-B-CD acts as a potent MyD88- and TBK1-dependent T follicular helper cell

adjuvant and is readily applicable to various vaccines. The Journal of Immunology, 2015, 194: 0600-000.

he term “adjuvant” has its origin in the Latin “adjuvare”
meaning “to help,” because adjuvants enhance the effects
of vaccines. Many substances can act as adjuvants, and
their modes of action vary widely (1, 2). Recent studies showed
that conventional adjuvants, such as alum, act via the “Ag-depot”
mechanism, as well as induce multiple innate immune pathways,
including the activation of inflammasomes, the production of

PGE,, and the release of damage-associated molecular patterns
(DAMPs), such as DNA (3-5). In addition to enhancing the im-
munogenicity of vaccines, adjuvants can be responsible for their
adverse effects, including local swelling, systemic fever, and a the-
oretical risk for autoimmunity (6). Even alum and MF59, widely
used adjuvants for human vaccines, induce local and systemic
adverse effects (6-8). Therefore, the high safety profile of an
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2 HP-B-CD ACTS AS FLU VACCINE ADJUVANT VIA MyD88 AND TBK1

adjuvant, based on scientific evidence, must be demonstrated be-
fore its application to clinical practice. One approach to identifying
ideal adjuvants is the selection of candidate substances from among
approved drugs or excipients with very high safety profiles.

Cyclodextrin is a bucket-shaped oligosaccharide derived from
starch, with a hydrophobic cavity and hydrophilic exterior (9).
Natural cyclodextrins contain six (a-CD), seven (B-CD), eight (y-CD),
or more (a-1,4)-linked a-d-glucopyranose units, and many chem-
ically modified cyclodextrins have been developed, including
hydroxypropyl-B-cyclodextrin (HP-8-CD) and sulfobutyl ether-
B-cyclodextrin (9). Because of their molecular structure and shape,
the cyclodextrins can form an inclusion complex with hydrophobic
molecules, improving the solubility of hydrophobic drugs (9), sta-
bilizing proteins (10), and controlling the release of drugs (11). For
these reasons, cyclodextrins are widely used excipients for phar-
maceutical agents (9). Recent studies showed another application of
cyclodextrins in the treatment of Niemann-Pick type C1 disease;
they reduced the lysosomal accumulation of cholesterol and gly-
cosphingolipids (12). However, only a few studies have investi-
gated the usefulness of cyclodextrins as vaccine adjuvants. Mucosal
vaccination with dimethyl-B-cyclodextrin was shown to enhance
the immunogenicity of anti-diphtheria and anti-tetanus toxoid total
IgG titers in mice (13). Sulfolipo-cyclodextrin showed improved
adjuvant activity when combined with squalene for use in cattle
(14). The high safety profiles of the cyclodextrins and their po-
tential adjuvant activities demonstrated in these studies are very
valuable contributions to the development of new and safer adju-
vants. However, research into cyclodextrins as vaccine adjuvants
has not been thorough, and the mechanism of action of HP-3-CD
as a vaccine adjuvant and its immunological characteristics are not
well understood. In this study, we focused on HP-3-CD, one of the
cyclodextrins most commonly used in pharmaceutical prepara-
tions, because its solubility is higher and its safety profile is better
than those of other cyclodextrins (9). We demonstrate its activity as
an immune adjuvant and the mechanisms involved. Our results
indicate that HP-B-CD is a potent and promising T follicular help
(Tfh) cell adjuvant for purified protein-based vaccines.

Materials and Methods

Ags and adjuvants

The following were used as Ags: extremely pure LPS-free OVA protein
([Seikagaku, Tokyo, Japan]; LPS contamination was <0.1 EU/mg, as
measured with the Limulus Color KY test [Wako Pure Chemical Indus-
tries, Osaka, Japan], according to the manufacturer’s protocol); influenza
trivalent split vaccine (SV), containing influenza virus hemagglutinin
(HA) surface Ags from three viral strains—A/California/7/2009 (HIN1),
A/Victoria/210/2009 (H3N2), and B/Brisbane/60/2008; and monovalent
SV, containing influenza virus HA surface Ag from New Caledonia/20/
1999 (HIN1) (The Research Foundation for Microbial Diseases of Osaka
University). SV was manufactured with egg-based technology (15). HP-
B-CD (ISP Technologies, Assonet, MA), Good Manufacturing Practice
grade K3 CpG-ODN (Gene Design, Osaka, Japan), and alum (InvivoGen,
San Diego, CA) were used as adjuvants.

Mice and immunizations

Mice deficient for Tlrl, Tlr2, Tlr3, Tird, TlrS, Tir6, Tlr7, TIr9, TIr7/9, Tir2/
4/9, ILIR, 1118R, St-2, Myd88, Tbk1, I1f3/7, Ifnar2, Asc, and Caspase 1 were
generated and used for experiments previously (16). Tir- or Myd88-
knockout (KO) mice were purchased from Oriental BioService (Kyoto,
Japan). Irf3/7 double-KO mice were generated by cross-breeding with Irf3-
KO mice and Irf7-KO mice (17). Irf7-KO mice were provided by the
RIKEN BioResource Center through the National Bio-Resource Project of
the Ministry of Education, Culture, Sports, Science and Technology
(Ibaraki, Japan). Bel6™* Cdd-cre (Bel6”*) and Bel6™ %~ Cdd-cre (Bc16%f)
mice were used for experiments previously (18). The other KO mice were
housed and maintained at the National Institute of Biomedical Innovation.
Wild-type (WT) C57BL/6 mice were purchased from CLEA Japan The
mice were immunized s.c. twice with 100 wg OVA mixed with PBS (-),

30 pg K3 CpG-ODN, | mg alum, or 3-30% HP-B-CD [total volume:
200 pl in PBS (~)/mouse] on day 0 and day 10 after the first immunization.
Sera were collected at 10, 17, 24, and 31 d after the first immunization. To
evaluate the cellular immune responses, the mice were sacrificed and their
spleens were collected 10 d after the second immunization. All experiments
were performed under the appropriate laws and guidelines and after ap-
proval was obtained from the National Institute of Biomedical Innovation,
the Animal Research Committee of the Research Institute for Microbial
Diseases of Osaka University, and the Shionogi Animal Care and Use
Committee.

Measurement of Ab titers

To measure the OVA- or HA-specific Ab titers, 96-well plates were coated
with 100 pg/ml OVA solution or 1 pg/ml SV solution overnight at 4°C.
The plates were washed and incubated for 1 h with blocking buffer [PBS
(=) containing 1% BSA and 0.05% Tween 20]. After blocking, the plates
were washed and incubated with 3-fold serially diluted serum for 2 h. To
detect the bound Ab, the plates were washed and incubated for 1 h with
HRP-conjugated anti-mouse total IgG, IgGl, or IgG2c Ab (Southern
Biotech, Birmingham, AL) or anti-monkey total IgG Ab (Sigma, St. Louis,
MO). After the plates were washed, TMB substrate solution was added to
each well to initiate the color reaction. The reaction was stopped by the
addition of 2 N H,SO,, and the OD was measured at a wavelength of
450 nm (ODyso). The Ab titer was defined as the highest serum dilution
that yielded an ODyso > ODys of the negative-control serum. A DS Mouse
IgE ELISA (OVA) kit (DS Pharma Biomedical, Osaka, Japan) was used to
measure the concentration of anti-OVA IgE in the sera.

Evaluation of cellular immune responses

To evaluate the cellular immune responses, splenocytes (2 X 10° cell/well)
were prepared and incubated with complete RPMI 1640 medium, con-
taining 20 pg/ml OVA class I peptide, 20 pg/ml OVA class II peptide, or
20 pg/ml OVA Ag for 48 h at 37°C under 5% CO,. The concentrations of
IFN-y, IL-5, and IL-13 in the cell culture supematants were measured with
the DuoSet ELISA Development System (R&D Systems, Minneapolis, MN).

Two-photon imaging of draining lymph nodes

OVA-Alexa Fluor 647 (Invitrogen, Carlsbad, CA) and HP-B-CD-FITC
(Nanodex, Kanagawa, Japan) were used to visualize the distributions of Ag
and HP-B-CD in the inguinal lymph nodes (LNs). The mice were injected
intradermally (i.d.) at the tail base with 100 wg OVA-Alexa Fluor 647
mixed with 3% HP-B-CD-FITC. After 30 min, 10 .l rat anti-MARCO Ab
(clone ED31; Serotec, Kidlington, U.K.) was injected i.d. The inguinal
LNs were excised 30 min later and visualized with two-photon excitation
microscopy (FV1000MPE; Olympus, Tokyo, Japan). The imaging data
were analyzed with Volocity 3D Image Analysis Software (PerkinElmer,
Waltham, MA). Pearson’s correlation was calculated using Volocity coloc-
alization analysis (PerkinElmer).

Evaluation of OVA uptake in draining LNs

To evaluate Ag uptake, we used DQ-OVA (Invitrogen), a self-quenching
conjugate of OVA that displays bright green fluorescence upon proteolytic
degradation. The mice were injected s.c. with PBS (=), 100 pg DQ-OVA,
or 100 g DQ-OVA mixed with 30% HP-B-CD (total volume, 200 pl/
mouse), and the LNs were excised 24 h later. The LNs were cut and in-
cubated in CO,-independent medium (Life Technologies, CA) containing
1 mg/ml collagenase D and 2 p.g/ml DNase I (both from Roche, Penzberg,
Germany) for 30 min at 37°C. The cells (2 X 10° cell/sample) were pre-
pared in FACS buffer [PBS () containing 1% FCS and 0.1% NaN;]. FeyR
was blocked with anti-mouse CD16/32 Ab (clone 93; eBioscience, San
Diego, CA). Dead cells were stained with 7-aminoactinomycin D (eBio-
science) and excluded from the analysis. To detect cells, Pacific Blue—
conjugated anti-CD11c Ab (clone N418; BioLegend, San Diego, CA) was
used. OVA uptake was assessed with a FACS LSR II flow cytometer (BD
Biosciences, Franklin Lakes, NJ). The data were analyzed with FlowJo
software (Tree Star, Ashland, OR).

Gene expression analysis

Mice (n = 3) were injected i.d. or i.p. with a total volume of 200 ul 30%
HP-B-CD in PBS (-). The vehicle-control mice (n = 3) were injected with
the same volume of PBS (-) without adjuvant. After 6 h, the inguinal LNs,
liver, and spleen were removed and stored in RNAlater RNA Stabilization
Reagent (Life Technologies). Each sample in RNAlater was homogenized
in Buffer RLT (QIAGEN, Hilden, Germany) by adding a 5-mm-diameter
zirconium bead (AS ONE, Osaka, Japan) and shaking with a Mixer Mill
300 (QIAGEN) at 20 Hz for 5 min. The total RNA was isolated and
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purified from the sample homogenates with an RNeasy Mini Kit (QIAGEN),
according to the manufacturer’s instructions. The gene expression profiles
were determined using the 3’ IVT Express Kit and the GeneChip Mouse
Genome 430 2.0 Array (both from Affymetrix, Santa Clara, CA), according
to the manufacturer’s instructions. The expression values were normalized
to the median value of each GeneChip readout. The resulting digital image
files were preprocessed with the Affymetrix Microarray Suite version 5.0
algorithm (MAS5.0). The fold-change values were calculated as the ratio of
the mean value for the treated samples/mean value for the vehicle-control
samples. The presence/absence (PA) call in MASS5.0 was customized as
described below. When the ratio was >1, the PA call was dependent on the
treated samples, and when the ratio was =1, the call was dependent on the
vehicle-control samples. Dominant calls (over half) were applied to a set of
samples as the customized PA call, “P1” and “A0” (e.g., when the ratio < |
and the PA call of control samples were “F” “P” and “A,” the customized
PA call of the set was “P1”). The MASS5.0 data and PA calls were analyzed
with the Bioconductor Affy package for R (http://www.bioconductor.org).
The p values indicating the significance of differentially expressed genes
were calculated using a 1 test when comparing the normalized treated samples
with the normalized vehicle-control samples. For our subsequent analysis,
we only included probes for which the fold change between the control and
the stimulated samples was >2. We excluded a probe when it was flagged
“absent” (i.e., the PA call was “A0"). The fold change of the probes with PA
call “A0” were replaced with 0. Finally, we used Z-score scaling for all of
the probes to generate Fig. 3. All datasets were deposited in the National
Center for Biotechnology Information’s Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE63332.

Evaluation of the generation of Tfh cells

Bel6” or Bel6™ mice were immunized s.c. twice with 100 pg OVA mixed
with 30% HP-B-CD [total volume: 200 pl in PBS (~)/mouse] on day 0 and
10 d after the first immunization. Inguinal LNs were collected 7 d after
the second immunization. To detect Tfh cells, PE anti-mouse CD4 (clone
RM4-5; BioLegend), allophycocyanin anti-mouse CD279 (PD-1; clone
29F.1A12; Biolegend), and FITC anti-mouse CD185 (CXCRS; clone 1.138D7,;
BioLegend) were used. FcyR was blocked with anti-mouse CD16/32 Ab
(clone 93; eBioscience). Tfh cell generation was assessed with a BD
LSRFortessa (BD Biosciences). The gating strategy is shown in Fig. 4A. The
data were analyzed with FlowJo software (Tree Star),

Cytotoxicity assay

Cell viability after exposure to HP-B-CD was assessed in HEK293T cells
(5 X 10* cell/well). Cytotoxicity was examined with a water-soluble tetra-
zolium salt-8 assay using the Cell Counting Kit-8 (Dojindo Molecular Tech-
nologies, Kumamoto, Japan), according to the manufacturer’s instructions.

Measurement of dsDNA concentrations at injection sites

The mice were injected s.c. with 200 I PBS (=) or 30% HP-B-CD. After
0.25, 0.5, 1, 3, 6, and 24 h, 400 pl PBS (=) was injected into the injection
site, and the liquid in the pouch was collected. The liquid volume was
adjusted to 1000 pl with PBS (-), and the acellular fraction was collected
by centrifugation at 400 X g for 5 min at 4°C. The concentration of dsDNA
in the acellular fraction was measured with a Qubit dsDNA HS Assay Kit
(Invitrogen), according to the manufacturer’s protocol.

Adjuvant activity of HP-B-CD in a murine influenza virus
infection model

Mice were immunized s.c. twice with 3 pg SV mixed with PBS (-) or 3~
30% HP-B-CD (total volume: 200 pl/mouse) on day 0 and 14 d after the
first immunization. Sera were collected 14 and 21 d after the first immu-
nization. Eight days after the second immunization, the mice were infected
intranasally with 4 X 10* 50% tissue culture infective dose (TCIDsg)
clinically isolated A/Osaka/129/2009 [A(HIN1)pdm09] influenza virus
(19), which was obtained from Tetsuo Kase (Osaka Prefectural Institute of
Public Health, Osaka, Japan). The body weights and survival rates of the
mice were monitored for 14 d postinfection.

Adjuvant activity of HP-B-CD in a cynomolgus macaque
model

Twelve male 3-5-y-old cynomolgus macaques (Macaca fascicularis) were
obtained from the Tsukuba Primate Research Center (TPRC) of the Na-
tional Institute of Biomedical Innovation and randomly assigned to four
groups (n = 3). The macaques were immunized s.c. with saline or 5 pg
New Caledonia/20/1999 (HIN1) SV mixed with PBS (-), 3% HP-B3-CD, or
30% HP-B-CD (total volume: 500 j.l/macaque) on day 0 and 14 d after the

first immunization. Sera were collected at —2, 2, 4, 6, and 8 wk after
the first immunization, and HA-specific IgG titers were measured with
ELISAs. The experimental protocol was approved by the Animal Welfare
and Animal Care Committee of the TPRC. All macaques were housed and
handled by veterinarians in accordance with the Guidelines for Laboratory
Animals of the TPRC.

Statistical analysis

The statistical significance of differences between groups was determined
with the Student ¢ test. The survival curves postinfection were compared
with a Kaplan-Mcier analysis (log-rank test and Wilcoxon test) using the
statistical analysis software SAS for Windows (version 9.2; SAS Institute),

Results

HP-B-CD induces Th2 responses in a mouse model

To examine the activity of HP-B-CD as a vaccine adjuvant, we
immunized C57BL/6 mice s.c. with LPS-free OVA, with or with-
out different doses of HP-B-CD (3, 10, or 30%). Then the OVA-
specific total IgG, IgG1, and IgG2c titers in the sera were determined
with ELISAs. After the first immunization (day 10), the anti-OVA
total IgG and IgG1 Ab titers were enhanced by all of the doses of
HP-B-CD tested (Fig. 1A). In particular, the anti-OVA total IgG
and IgGl titers in the OVA/30% HP-B-CD group were significantly
higher than those in the group treated with OVA alone. After
boosting, the IgG2¢ response was also weakly induced, even by 3%
HP-B-CD. Thus, all of the Ab titers in the OVA/30% HP-B-CD
group were significantly increased on day 31 (21 d after boosting)
relative to those in the group treated with OVA alone (Fig. 1A).

The T cell responses also were examined with cytokine ELISAs.
Splenocytes from immunized mice were stimulated with OVA Ag or
OVA-derived MHC class I- and MHC class Il-restricted peptides.
After 48 h, the production of IFN-vy, [L-5, and IL-13 was compared
with that in splenocytes immunized with K3 CpG-ODN (a typical
Thl-type adjuvant) or alum (a typical Th2-type adjuvant). Al-
though HP-B-CD did not enhance IFN-y production compared
with K3 CpG-ODN, OVA/HP-B-CD immunization significantly
increased IL-5 and IL-13 production, and the levels of these Th2-
type cytokines were similar to those induced with alum (Fig. 1B).
These results indicate that HP-B-CD elicits a Th2-type cell-
mediated immune response when it is coadministered s.c. with
OVA protein.

We then compared the IgE response induced by OVA/HP-B-CD
immunization with that induced by alum. Alum is known to induce
a high IgE response in animals and is commonly used to generate
allergy models in mice (20). Mice were immunized s.c. twice with
either OVA/30% HP-B-CD or OVA/alum. We also included K3
CpG-ODN, which is known to suppress Ag-specific IgE (21), as
the negative control. Seven days after the booster immunization,
the serum anti-OVA IgE concentrations were measured by ELISA.
HP-B-CD induced a lower OVA-specific IgE response than did alum,
whereas K3 induced virtually no IgE response (Fig. 1C). Interest-
ingly, although HP-B-CD induced typical Th2-type cytokine (IL-5
and IL-13) responses (Fig. 1B), HP-B-CD also significantly in-
creased the IgG2c titer, an indicator of the Thl-type immune re-
sponse, in mice relative to that induced with OVA alone, although
the levels of IgG2c were lower than those induced with K3. Taken
together, these results suggest that HP-B-CD is a potent Th2-
inducible adjuvant for OVA Ag, but it induces IgE less potently
than does alum.

Additionally, we examined the adjuvanticity of HP-B-CD via
several routes. When OVA/HP-B-CD was injected via the i.p.
route, weaker adjuvanticity was observed compared with the s.c.
route. With i.d. injection, Ab titer was elevated as seen with the
s.c. route; however, skin inflammation was observed at the local
injection site. No adjuvanticity of HP-B-CD was observed when
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given via i.m. injection. These data suggest that the s.c. route
results in adjuvanticity without inducing skin inflammation (data
not shown).

HP-B-CD did not induce a systemic cytokine response

To further clarify the effects of HP-B-CD on the immune system,
we investigated HP-B-CD-induced cytokine responses in naive
mouse splenocytes in vitro. Splenocytes were stimulated with
200-5000 pg/ml (equivalent to 0.02-0.5%) HP-B-CD, and the
cytokine concentrations in the supernatant were measured 24 h
later using a multiplex assay. There was no significant increase in
the cytokines (Supplemental Fig. 1A). Importantly, we could not
stimulate the splenocytes with >0.5% HP-B-CD because higher
concentrations appeared to cause immediate cell death in vitro.
Therefore, we also investigated the cytokine responses in vivo.
Mice were injected s.c. with 30% HP-B-CD, and their sera were
collected 1, 3, and 8 h after injection. R848 also was injected into
a separate group of mice as the positive control for systemic cy-
tokine responses. Consistent with the in vitro result, we did not
observe any detectable cytokine response in the sera at any time
point examined when 30% HP-B-CD was injected, whereas in-
jection of R848 induced significant responses in many cytokines
(Supplemental Fig. 1B). These results indicate that HP-3-CD does
not induce detectable levels of systemic cytokines either in vitro or
in vivo (Supplemental Fig. 1).

Distribution of HP-B-CD and OVA in draining LNs

Without inducing proinflammatory responses in vitro and in vivo,
HP-B-CD enhanced humoral responses after immunization. This
result prompted us to investigate which cells incorporate HP-
B-CD and play crucial roles in the adjuvanticity. We first used flow
cytometry to investigate the cells in draining inguinal LNs after
immunization; however, we could not identify the cells at a dose

of 3% (the maximum dose of FITC-labeled HP-3-CD applicable
to cells as a result of the HP-B-CD-FITC stock concentration
limitation; data not shown). Therefore, we next performed two-
photon microscopic analysis, which allows imaging of tissue to
a substantial depth. We focused first on Siglec-1" (also called
MOMA-1) macrophages, because inactivated influenza virus is
captured by Siglec-1" macrophages, which induces humoral im-
mune responses (22). The mice were injected with OVA-Alexa
Fluor 647/3% HP-B-CD-FITC, and the explanted inguinal LNs
were analyzed 1 h later. HP-B-CD was not incorporated into
Siglec-1" macrophages (data not shown), but the majority of HP-
B-CD was incorporated into macrophages carrying the macro-
phage receptor with collagenous structure (MARCO" macro-
phages) (23), and some HP-B-CD was found in the B cell follicle
covering the CD169" subcapsular sinus macrophage area (Fig.
2A, Supplemental Video 1). When the distribution patterns of
HP-3-CD and OVA were compared using Volocity’s colocaliza-
tion analysis, injected OVA was distributed more selectively in
MARCO™ macrophages than was HP-B-CD (Pearson correlation:
HP-8-CD, +0.548, OVA, +0.756) (Fig. 2A, Supplemental Video
1), which is consistent with our recent observation (24). The re-
cent study indicated that, although OVA and CpG (K3-SPG) were
incorporated primarily into MARCO" macrophages, the macro-
phages are dispensable for inducing adaptive immune responses
by CpG (K3-SPG). In addition, the study indicated the involve-
ment of dendritic cells (DCs) in the adjuvanticity of CpG (K3-
SPG). Based on these data, we next focused on DCs in LNs. To
further clarify the uptake of Ag by DCs in LNs, mice were
injected s.c. with DQ-OVA or DQ-OVA/30% HP-B-CD, and the
uptake of OVA Ag by CD11c* cells was analyzed 24 h later using
flow cytometry. Although the overall uptake was very small, OVA
uptake by CD11c* DCs was enhanced significantly by HP-B-CD
(Fig. 2B), suggesting that HP-B-CD acts as an Ag-delivery system
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FIGURE 2. Distribution of HP-
B-CD and OVA in LNs after injec-
tion. (A) Mice were injected i.d. with
OVA-Alexa Fluor 647/HP-B-CD-
FITC; anti-MARCO Ab was injected
i.d. 30 min later. LNs were collected

30 min after the Ab injection (i.d.). by MARCO* macrophages
Two-photon images of the LN, HP- e 107

B-CD (green), OVA (blue), MARCO* 2

macrophages (red), and merged image. B 0.8r

The distribution patterns of HP-B-CD 5 o6

and OVA were measured by Volocity’s Ly)) ’

colocalization analysis. Scale bar, "8 0.4

100 pm. (B) Mice were injected s.c. »n

with PBS (-), DQ-OVA, or DQ-OVA/ g 02

30% HP-B-CD, and the LNs were o

collected after 24 h (n = 3). OVA up-
take was assessed by flow cytometry. Q°
OVA*CDIIc" cells increased after A
DQ-OVA/30% HP-B-CD treatment.

The bar graph shows the percentages B

Incorporation of HP-B-CD or OVA

of CD11c¢*/OVA™ cells. Data are rep-
resentative of two independent experi-
ments; error bars denote SD. *p << 0.03,
versus PBS (-)-injected mice, Student

1 test,

CD11c

101107 10°

to CD11c”" cells. We also examined DC maturation after HP-B-CD
injection in vivo but did not detect any upregulation of CD40
in the DCs (data not shown). It was difficult to investigate the
function of MARCO"™ macrophages by flow cytometry (25).
Collectively, we found a novel immunological mechanism of HP-
B-CD that enhances Ag uptake by DCs.

HP-B-CD induced immune-related gene expression after local
administration

To further clarify the mode of action of HP-B-CD, we performed
a comprehensive mRNA GeneChip analysis. In our preliminary
experiments, we noted that the adjuvant activity of HP-B-CD was
weak after i.p. injection compared with that after s.c. or i.d. in-
jection. Therefore, we compared gene expression in the draining
inguinal LNs and other organs, such as the spleen and liver, 6 h
after i.d. injection of HP-B-CD into the tail base (local) or i.p.
injection (systemic). After local i.d. injection of HP-B3-CD, the
expression of substantial numbers of genes was induced >2-fold
in the draining LNs, spleen, and liver (Fig. 3A). In contrast, i.p.
injection of the same amount of HP-B-CD induced only limited
changes in gene expression in the spleen and liver (Fig. 3A). We
also performed a cluster analysis and categorized the induced
genes into seven major groups (Supplemental Fig. 2A). Each
group of genes was examined using Gene Ontology (GO) term
analysis (Supplemental Fig. 2B). This analysis showed that HP-
B-CD induced the expression of genes related to the innate im-
mune response and the inflammatory response in the LNs, spleen,
and liver after i.d. injection but not after i.p. injection (Fig. 3B,
Supplemental Fig. 2, group 7), consistent with its route-dependent
adjuvant activity. The GO term “defense response to virus” also

OVA OVA/ HP-B-CD

0.05 0.01 24 0.26

0 - 0.0024 0.011

10 105 10'102 10° 10* 105 101102 10° 104 105

was called in the group 1 cluster (Supplemental Fig. 2, group 1);
correspondingly, the IFN response genes also were induced in the
LNs after i.d. injection of HP-B-CD (Fig. 3C). The analysis of
individual genes in Supplemental Fig. 2 revealed that those as-
sociated with the Th2-type immune response, including Prgs2
(26), Nfil3 (27), and JI33 (28), also were upregulated after i.d.
injection of HP-B-CD (Fig. 3D). The induction of 11/ and Myd88
genes (Fig. 3D) also suggested that inflammasomes could be ac-
tivated in vivo by HP-B-CD. These data suggest that, despite the
lack of detectable levels of cytokine production in the serum
(Supplemental Fig. 1B), our GeneChip analysis demonstrated that
HP-B-CD induced the expression of inflammatory and immune-
related genes, including type I IFNs and /LI, after i.d. injection
but not after i.p. injection. These data are consistent with the
route-dependent adjuvant activity of HP-B-CD.

Tfh cells are required for the adjuvanticity of HP-3-CD

Our GeneChip analysis found the induction of immune-related
gene expression in LNs after HP-B-CD injection. A recent study
indicated that Tfh cells, a Th cell subset present in germinal
centers (GCs) in LNs, facilitate the generation of long-lived
plasma cells and memory B cells, which are required for long-
term Ab responses (29). To investigate the involvement of Tfh
cells in the adjuvanticity of HP-B-CD, we evaluated their gener-
ation in LNs from Bcl6”* or Bel6” mice immunized with OVA or
OVA/30% HP-B-CD. After the second immunization, the gener-
ation of Tfh cells was significantly increased by HP-B-CD in Beld™
mice (p < 0.05), and it was significantly decreased in Bcl6” mice
(p < 0.0001) (Fig. 4B). We also investigated the humoral
responses between Bcl¢”* and Bcl6” mice after OVA/30% HP-B-CD
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FIGURE 3. HP-B-CD induced substantial expression of immune-related
genes after its local (i.d.) injection but not after its systemic (i.p.) injection.
(A) The number of genes for which the fold change was >2 between HP-
B-CD (n = 3) and PBS (n = 3) treatments and for which the customized PA
call = 1 after 6 h when examined with a GeneChip array. (B and C) The
expression levels of a selected immune-related set of genes categorized by
GO terms are shown in the form of Z-scored fold-change values. The fold-
change values were averaged and normalized using all of the genes in the
corresponding GO term. The GO terms were derived and evoked from
Supplemental Fig. 2. (D) Selected feature genes from Supplemental Fig. 2,
presented by their Z-scores. The data are representative of two independent
experiments with similar results. LV, liver; SP, spleen.

immunization. Consistent with the result of flow cytometric anal-
ysis, the anti-OVA IgG1 titer of Bcl6” mice was significantly lower
than that of Bcl6”* mice after the second immunization (p < 0.01)
(Fig. 4C). However, the IgGl titer of Bel6” mice immunized with
OVA/30% HP-B-CD was not decreased to the level of that of Bcl6”
mice immunized with OVA alone, suggesting that the GC-independent
pathway contributes, in part, to the induction of humoral responses
after OVA/HP-B-CD immunization (30). These results suggested
that the generation of Tth cells is facilitated by the administration
of HP-B-CD and that Tfh cells are required for the high adju-
vanticity of HP-B-CD.

IL-21 secreted by Tfh cells can act in an autocrine manner to
maintain Tfh cells at various stages of differentiation (29). Mean-
while, IL-21 was reported to prevent Ag-specific IgE response in
mice (31). In this study, although HP-B-CD induced Th2 responses,
it did not strongly induce an IgE response after immunization
(Fig. 1C). To explain the weak IgE response after OVA/HP-B-CD
immunization, we investigated IL-21 responses after stimulation
of splenocytes from immunized Bcl6”* mice; IL-21 responses
were not observed from stimulated splenocytes (data not shown).
Further research is necessary to explain why HP-B-CD does not
induce strong IgE responses after immunization.

Inflammasome pathway does not contribute to the adjuvanticity
of HP-B-CD

Our GeneChip analysis suggested that inflammasomes can be
activated by HP-B-CD in vivo (Fig. 3B). Th2-inducible adjuvants,
such as alum and silica, also were shown to activate inflamma-
somes in macrophages, whereas the role of inflammasomes in their
adjuvant activity has been questioned (5). To clarify the immu-
nological mechanisms and pathways essential for the adjuvant
activity of HP-B-CD, we examined whether it activates inflam-
masomes in macrophages in vitro. Peritoneal macrophages were
primed with LPS and stimulated with HP-B-CD 18 h later. Com-
pared with alum, which induced high amounts of IL-18, 5000 p.g/ml
(0.5%) HP-B-CD did not enhance the production of IL-18 by
macrophages (data not shown). Because HP-B-CD is cytotoxic (see

Fig. 5C), we could not examine the activation of inflammasomes at
a higher concentration of HP-B-CD (equivalent to the maximum
dose used in the immunization experiments performed in vivo)
(Fig. 1). Therefore, we examined the humoral responses in Asc™~
mice and Caspase 1™/~ mice, which are known to be deficient in
inflammasome activation (32). The humoral response after s.c. im-
munization with OVA/HP-B-CD was not reduced in either gene-KO
mouse strain (data not shown). Although these data do not exclude
the possibility that the inflammasomes were activated in vivo after
HP-B-CD injection, inflammasome activation was not required for
the adjuvant activity of HP-B-CD.

MyD88 is involved in the adjuvant activity of HP-B-CD

To identify the pathway essential for the adjuvant activity of HP-
B-CD, we focused on MyD88, a critical adapter protein of TLRs
and the IL-1R superfamily, which are involved in the downstream
activation of NF-kB and MAPK (33). TLRs are also key players
in the activation of innate immunity and recognize various adju-
vants and pathogen-associated molecular patterns. Mice lacking
Myd88 were immunized s.c. twice with OVA/HP-B-CD. After
the second immunization, the anti-OVA IgG and IgG1 titers of
Myd88™'~ mice were significantly lower than those of Myd88*'~
mice (Fig. 5A). Interestingly, Myd88™~ mice immunized with
OVA/HP-B-CD showed significantly higher total IgG and IgG1
titers than did WT mice immunized with OVA alone. These results
suggest that both MyD88-dependent and -independent signaling
pathways are involved in the adjuvant activity of HP-3-CD. A TLR-
screening assay was performed in vitro to identify the upstream
receptor of MyD88-dependent signaling. The TLR4-signaling
pathway was activated slightly by HP-B-CD (Supplemental Fig.
3A), so we examined whether TLR4 is involved in the adjuvant
activity of HP-B-CD in vivo; however, the humoral response was
not reduced in T/r4™" mice (Supplemental Fig. 3B). We then
investigated other TLRs or members of the IL-1R superfamily by
s.c. immunizing other Tlrs, I/IR, I118R, and St-2 KO mice. ST-2 is
a receptor that forms a complex with IL-1R accessory protein; it
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FIGURE 4. Tth cell development and humoral responses after OVA/HP-
B-CD immunization. Bcl6”* or Bcl6” mice were immunized s.c. with
OVA or OVA/30% HP-B-CD (n = 2-5). (A) Flow cytometric analysis was
performed to assess the generation of Tfh cells. (B) Seven days after the
second immunization, Tfh cell generation was measured. (C) Anti-OVA
IgG1 titers were measured with ELISAs 7 d after the second immuniza-
tion. Error bars denote SD. #p < 0.05, #”p < 0.01 versus Bcl6”* mice
immunized with OVA alone, *p < 0.01, **p < 0.0001 versus Bcl6” mice
immunized with OVA/30% HP-B-CD, Student ¢ test.
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can bind IL-33 directly, and it mediates Th2 responses (28). All of
the examined KO mice, including TLR7/9 double-deficient and
TLR2/4/9 triple-deficient mice, showed anti-OVA total IgG titers
that were similar to those of WT mice 7 d after the booster im-
munization (Supplemental Fig. 3B). Notably, after stimulation with
HP-8-CD, no significant increases in proinflammatory cytokines,
chemokines, or growth factors were detected in vitro (Supplemental
Fig. 1A). Taken together, these results suggest that HP-B-CD itself
may activate TLR4 in vitro. However, in vivo, the adjuvant activity
of HP-B-CD is independent of any single TLR, TLR7/9, TLR2/4/9,
or the IL-1R superfamily, although the adjuvant activity of HP-
B-CD is partially dependent on MyD88 signaling.

knocked out. Thkl™"~ mice on a TNF-deficient (Inf™"") back-
ground were used because Tbk! ~/~ mice die in utero, and this
lethal effect can be rescued in the absence of TNF (34). The hu-
moral responses in IFNAR2 and IRF3/7 double-KO mice were
similar to those in WT mice (data not shown). However, the anti-
OVA IgG titer in Thkl™’~ mice was significantly lower than that
in Tnf™" mice (Fig. 5B), suggesting that TBKI also contributes
to the adjuvant activity of HP-B-CD but that its activity is inde-
pendent of type I IFN responses.

We showed that alum induces the release of dsDNA from host
cells, resulting in TBK1/IRF3-dependent, but IFNAR2-independent,
Th2 responses (16). The results described above indicating TBK1
involvement prompted us to examine the release of dsDNA from
host cells after the local injection of HP-B-CD. We first examined
the cytotoxicity of HP-B-CD against HEK293T cells in vitro. HP-
B-CD started killing HEK293 cells at a concentration of 0.5%; at
1.5%, almost all of the cells were killed. However, the overall
cytotoxicity of HP-B-CD was 1,000,000 times lower than that of
mitomycin C, which damages cells by DNA cross-linking (35)
(Fig. 5C). In an in vivo study, we observed the adjuvant activity of
3% HP-B-CD in mice (Fig. 1A). These data suggest that HP--CD

HP-B-CD induces dsDNA release, and TBKIcontributes to its
adjuvanticity

The results described above suggest that a MyD88-independent
pathway is involved in the adjuvant activity of HP-B-CD. Our
GeneChip analysis suggested that HP-B-CD induces type I IFN—
related gene responses in the draining LNs (Fig. 3). Therefore, we
examined the involvement of IFN-af3 receptor (IFNAR), IRF3/7,
and TBK1 by using mice in which the representative gene is
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potentially causes the release of dsDNA from host cells in vivo,
similar to alum. To examine this possibility, we tested whether HP-
B-CD induced the release of host DNA in vivo. HP-8-CD was
injected s.c. into mice, and the concentration of host DNA at the
injection site, which formed a liquid pouch under the skin, was
measured. Increasing amounts of dsDNA, triggered by HP-B-CD,
were detected until 6 h, after which they decreased and returned to
background levels at 24 h after injection (Fig. 5D). This result
suggests that HP-B-CD triggers temporary host dsDNA release at
its injection site. Furthermore, DNase I treatment at the time of
immunization significantly reduced the total IgG, IgGl, and IgE
titers but enhanced the IgG2c response (Fig. SE). This result
strongly suggests that HP-B-CD triggers dsDNA release, which
acts as a DAMP, triggering a signal through the TBK1-dependent
pathway and resulting in an enhanced Th2-type immune response.
However, at the same time, HP-B3-CD induces a MyD88-dependent
response, which may modulate the IgE response upregulated by the
dsDNA/TBK1 axis. Further study is required to identify the critical
upstream/downstream pathways of MyD88 and TBK1 induced by
the local administration of HP-B-CD.

HP-B-CD shows potent adjuvanticity with SV

Although HP-B-CD temporarily triggered the release of dsDNA
(Fig. 5D), it did not elicit strong IgE responses (Fig. 1C), and
it induced almost no systemic cytokine responses in mice (Sup-
plemental Fig. 1B). This suggests that HP-B-CD is a suitable adju-
vant for a current split influenza vaccine. Most influenza vaccines
are used to immunize healthy individuals, so minimizing the
toxicity of the vaccine is an absolute requirement for the adjuvant.
We evaluated the adjuvant activity of HP-B-CD using an influenza
SV immunization model in mice and macaques. Mice were im-
munized s.c. twice with SV only or with SV/3-30% HP-B-CD, and
their total IgG titers were measured with an ELISA. After the
booster immunization, the anti-HA total IgG titer was significantly
enhanced by all doses of HP-B-CD tested (Fig. 6A). After the
immunized mice were challenged with a lethal dose of A/Osaka/
129/2009 [A(HIN1)pdm09] influenza virus, their body weights
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FIGURE 6. Efficacy of SV/HP-B-CD against influenza virus infection in
mice. (A) Mice were immunized s.c. twice with SV or SV/HP-$-CD on day
0 and 14 4 after the first immunization, and the total anti-HA IgG titers
were measured with ELISA at 14 and 21 d (n = 5). (B and C) Mice were
challenged with 4 X 10* 50% TCIDsy A/Osaka/129/2009 [A(HINI)
pdm09] influenza virus 21 d after the first immunization. Their body
weight changes and survivals were monitored. Data are representative of
two independent experiments. Error bars denote SD. *p < 0.05, versus SV
group, Student # test (A and C) or Kaplan—Meier analysis (log-rank test and
Wilcoxon test) (B).

and survival rates were determined for 14 d. The survival and
body weight parameters of the SV/HP-B-CD—immunized groups
were significantly better than were those of the group immunized
with SV only (Fig. 6B, 6C).

To further estimate the adjuvant activity of HP-B-CD in humans,
cynomolgus macaques were immunized s.c. twice with saline, SV,
SV/3% HP-B-CD, or SV/30% HP-B-CD, and their anti-HA IgG
titers were evaluated every 2 wk. The anti-HA IgG titers of all
macaques in the SV/30% HP-B-CD group were increased 2 wk
after the first immunization (Fig. 7A). A boosting effect of HP-
B-CD also was observed in this group (Fig. 7A). The anti-HA IgG
titers of the SV group varied greatly among individuals (Fig. 7A).
When we compared the geometric mean titer of the anti-HA IgG
titers of the SV/30% HP-B-CD group and the SV group, the anti-
HA IgG titer of the SV/30% HP-B-CD group was 3-fold higher
than that of the SV group 2 wk after the first immunization, and it
was 2-fold higher than that of the SV group 6 wk after the second
immunization (Fig. 7B). Unlike the results for mice, the anti-HA
IgG titers in the SV/3% HP-B-CD group were not better than those
in the SV group (Fig. 7). These results demonstrate that 30% HP-
8-CD displays adjuvant activity with the influenza SV vaccine in
both mice and cynomolgus macaques.

Discussion

In addition to their efficacy, one of the most important charac-
teristics of vaccine adjuvants is their safety, because many vaccines
are intended for use in healthy individuals. HP-B-CD has been used
safely as an excipient for pharmaceutical agents for decades
(9). However, no extensive immunological characterization of
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FIGURE 7. Immunogenicity of SV/HP-8-CD in cynomolgus macaques.
Cynomolgus macaques were immunized twice with saline, SV, SV/3% HP-
B-CD, or SV/30% HP-B3-CD on day 0 and 14 d after the first immunization
(n = 3). The sera were collected every 2 wk, and anti-HA total IgG titers
were measured using ELISA. (A) Individual results. (B) Geometric mean
titers (GMT) of the groups (n = 3).
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cyclodextrins as adjuvants has been conducted, so the molecular
and cellular mechanisms of their actions are largely unknown. Our
characterization of HP-B-CD as a vaccine adjuvant revealed that it
induces unique Th2 responscs, enhancing Ag-specific 1gG titers,
including 1gG1 and IgG2c titers, by s.c. injection. Furthermore, the
adjuvanticity is largely dependent on Tfh cells. Unlike alum, a
commonly used adjuvant for many human vaccines throughout
the world, HP-B-CD induced little IgE production (Fig. 14, 1C).
AT cell analysis clearly indicated that HP-3-CD preferentially
activates Th2 cells over Thl cells (Fig. 1B). Traditionally, it has
been considered that the Th2 and IgE responses are sequential,
but our current data indicate that Th2 induction does not always
induce strong IgE production. The ability of an adjuvant to
induce IgE may be a crucial risk factor affecting the allergenic
potential of vaccines. Therefore, HP-B-CD may be a safer ad-
juvant than alum because it entails less risk for inducing poten-
tially allergic IgE responses. Injection of HP-B-CD obviously
induced some acute inflammatory, type I IFN-related and Th2-
associated gene responses in LNs. However, no systemic proin-
flammatory cytokine responses were observed after its injection
into mice (Supplemental Fig. 1B), suggesting that the gene ex-
pression induced in LNs does not induce systemic proinflammatory
cytokine responses, which can be detrimental to the host. Without
inducing systemic proinflammatory cytokine responses, HP-B-CD
exhibited enough adjuvanticity to improve the immunogenicity and
protective efficacy of SV in mice and cynomolgus macaques. Hence,
we conclude that HP-B-CD is a well-balanced adjuvant possessing
high adjuvant activity and little risk for inducing allergic potential
IgE responses and systemic inflammation.

The activation of immune responses in LNs is a major event
to establish adaptive immunity (29). Our cellular analysis found
enhanced Ag uptake by DCs and generation of Tfh cells in LNs
after OVA/HP-B-CD injection (Figs. 2B, 4B). In addition, Tth cells
were required for the high adjuvanticity of HP-B-CD (Fig. 4C). DCs
provide signals that upregulate CXCRS and downregulate CCR7 on
naive CD4" T cells, allowing them to migrate to B cell follicles and,
consequently, facilitate the generation of Tfh cells (29). Tth cells
are recognized as the key player required for the formation of GCs
and the generation of long-lived serological memory (30). There-
fore, these results explained why humoral responses were enhanced
and maintained by HP-B-CD.

The biological effects of HP-B-CD are reported to include the
binding and sequestration of plasma membrane cholesterol and,
consequently, the dispersal of lipid rafts, which include lipids and
associated plasma membrane—spanning proteins, such as sphin-
golipids (36). Such treatments are considered to affect the lateral
diffusion, aggregation, and function of receptor complexes (37).
Bioactive lipids, such as ceramides and sphingosine 1-phosphate,
are known to regulate inflammation in cells and to activate several
signaling pathways (38). Therefore, it is reasonable to infer that
HP-B-CD activates the innate immune response and exerts its
adjuvant activity by modifying these lipid-dependent biological
processes. Methyl-B-cyclodextrin is reported to disperse lipid
rafts, thereby stimulating MyD88-dependent NF-kB activation in
immature B cells, and it partially stimulates the TLR4-signaling
pathway in vitro (39). In this study, the results of an in vitro TLR-
screening assay supported those findings (Supplemental Fig. 3A).
However, analysis of gene-KO mice indicated that MyD88, but
not TLR4, contributes, in part, to the adjuvant activity of HP-B-CD
(Supplemental Fig. 3B), suggesting that signaling pathways other
than TLR pathways, such as lipid raft dispersal/MyD88/NF-xB
activation, contribute to the MyD88-dependent mechanism un-
derlying the adjuvant activity of HP-B-CD (Supplemental Fig. 4).
This is an important issue for future research.

We also demonstrated that TBK1 contributes, in part, to the
adjuvant activity of HP-8-CD (Fig. 5B). HP-B-CD causes the
release of several factors, including lipids and dsDNA, that may
function as DAMPs to activate the innate immune response. In this
study, HP-B-CD induced the temporary release of dsDNA at its
injection site. These facts strongly suggest that the adjuvant ac-
tivity of HP-B-CD is also mediated by host-derived factors, such
as DAMPs. Therefore, it is reasonable that the adjuvant activity of
HP-B-CD was not diminished in single Myd88- or ThkI-deficient
mice. Our findings indicate that the activation of several signaling
pathways as a result of HP-B-CD injection contributes to its ad-
juvant activity (Supplemental Fig. 4).

It is important to exploit the safety profile of HP-B-CD for the
development of adjuvanted vaccines. Vaccination is the primary
strategy used to prevent influenza infection. The efficacy of in-
fluenza vaccines in young and healthy adults is estimated to be
70-90%, but it is <17-53% in the elderly (40). The use of an
adjuvant to improve the efficacy of a vaccine has been investi-
gated, but minimizing adjuvant toxicity remains one of the major
challenges in adjuvant research (41). To exploit the safety profile
of HP-B-CD, we evaluated the combined effects of HP-B-CD and
SV and demonstrated that HP-B-CD enhanced the protective ef-
ficacy of SV against influenza virus infection in mice (Fig. 6). Its
adjuvant activity also was examined in cynomolgus macaques
(Fig. 7). In the macaque model, the anti-HA IgG titers were not
strongly elevated in any of macaques in the SV group. In contrast,
immunization with SV/30% HP-f3-CD strongly enhanced the anti-
HA IgG titers of all of the macaques in the group. To improve the
efficacy of SV, it is important to overcome the poor immunoge-
nicity and enhance the humoral responses of weak responders with
an adjuvant. In contrast to the results with s.c. injection, we did
not find adjuvanticity for HP-B-CD via the i.m. route. The i.m.
route is a major route for human vaccines; however, all seasonal
influenza SVs are injected s.c. in Japan. Outside of Japan, some
influenza vaccines, such as Fluvax (42) and VAXIGRIP (43), are
acceptable to inject s.c. Therefore, the lack of adjuvanticity of HP-
3-CD via i.m. injection is not a major concern. Collectively, our
results suggest that HP-B-CD is a promising adjuvant for en-
hancing the immunogenicity of s.c. SV injections in humans.

This study has important implications, demonstrating that HP-
B-CD is safe and can be used effectively as an adjuvant for SV
in humans. It also contributes novel immunological findings that
advance cyclodextrin research and promote the innovation of a
rationally designed safer adjuvant.
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Nanogel-based pneumococcal surface protein
A nasal vaccine induces microRNA-associated
Th17 cell responses with neutralizing antibodies
against Streptococcus pneumoniae in macagques

Y Fukuyamal, Y Yuki'?, Y Katakai®, N Harada®, H Takahashi®, S Takeda®, M Mejima], S Joo',
S Kurokawa', S Sawada®, H Shibata®, EJ Park', K Fujihashi’, DE Briles®, Y Yasutomi®, H Tsukada®,
K Akiyoshi’ and H Kiyono"”

We previously established a nanosized nasal vaccine delivery system by using a cationic cholesteryl group-bearing
pullulan nanogel (cCHP nanogel), which is a universal protein-based antigen-delivery vehicle for adjuvant-free nasal
vaccination. In the present study, we examined the central nervous system safety and efficacy of nasal vaccination with
our developed cCHP nanogel containing pneumococcal surface protein A (PspA-nanogel) against pneumococcal
infection in nonhuman primates. When ['®F]-labeled PspA-nanogel was nasally administered to a rhesus macaque
{(Macaca mulatta), longer-term retention of PspA was noted in the nasal cavity when compared with administration of
PspA alone. Of importance, no deposition of ['®F]-PspA was seen in the olfactory bulbs or brain. Nasal PspA-nanogel
vaccination effectively induced PspA-specific serum IgG with protective activity and mucosal secretory IgA (SlgA) Ab
responses in cynomolgus macaques (Macaca fascicularis). Nasal PspA-nanogel-induced immune responses were
mediated through T-helper (Th) 2 and Th17 cytokine responses concomitantly with marked increases in the levels of miR-
181a and miR-326 in the serum and respiratory tract tissues, respectively, of the macaques. These results demonstrate
that nasal PspA-nanogel vaccination is a safe and effective strategy for the development of a nasal vaccine for the
prevention of pneumonia in humans.

INTRODUCTION

Streptococcus preumoniae is a major cause of bacterial infections
throughout the world and is involved in the induction of a wide
variety of infectious diseases, including otitis media, pneumonia,
bacteremia, and meningitis in children and adults. This organism
is usually a commensal bacterium in the upper respiratory tract
of humans. Currently, four pneumococcal vaccines, 7-, 10- and
13-valent polysaccharide conjugate vaccines (PCV7, 10, 13) for

children and a 23-valent pneumococcal polysaccharide vaccine
(PPV23) for adults, have been developed for public use and are
delivered by intramuscular injection." However, as the con-
jugate vaccine does not protect against other capsular types, it
provides little or no protection against total colonization with
pneumococci.*® The extensive carriage by other pneumococcal
capsular types has led to strain replacement in disease with strains
of non-conjugate vaccine capsular types.>’
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The development of effective protein-based vaccines, which
have the potential to provide better coverage for all strains, and
to protect against colonization with all strains requires a
thorough understanding of the roles and relative contributions
to pathogenesis of the various putative virulence proteins. The
pneumococcal surface protein A (PspA) is a well-known highly
immunogenic surface protein of S. pneumoniae and is
considered to be a promising vaccine candidate.®” It is present
on virtually all strains of pneumococci, and PspA-based
vaccines against S. pneumoniae induce cross-reactive Abs in
mice'”!! and humans.'” Moreover, PspA-specific mucosal and
serum Abs responses are induced, and these responses are
mediated by both Thl- and Th2-type cytokine production by
- CD4™ T cells in infant mice via maternal immunization," a
well as in aged mice."* These findings indicate that PspA is a
potent antigen for the development of effective pneumococcal
vaccines not only in adults but also in children and the elderly.

S. prneumoniae commonly colonizes the nasal cavity,
which can be protected by mucosal IgA."*™"” Nasal vaccination
induces effective mucosal immune responses in the respiratory
tract, where initial bacterial and viral infections commonly
occur; it could therefore be an effective immunization strategy
for delivering protection from pneumococcal infection. How-
ever, most subunit type vaccines are poor immunogens for the
induction of antigen-specific immune response in both
systemic and mucosal immune compartments when nasally
administered. Thus, the co-administration of biologically active
mucosal adjuvants (e.g., cholera toxin and heat-labile toxin) or
a better delivery system is needed to overcome the disadvan-
tages of nasal antigen exposure. However, there are currently no
safe nasal adjuvants or delivery systems, as evaluated by safety
pharmacology studies, such as absorption, distribution, meta-
bolism, and excretion in preclinical studies.

To overcome these concerns, we recently developed an
effective vaccine delivery system with a self-assembled
nanosized hydrogel (nanogel), which is composed of a cationic
type of cholesteryl group-bearing pullulan (cCHP).'® This
cCHP nanogel efficiently delivers an antigen to epithelial cells
in the nasal cavity, as well as to dendritic cells (DCs) under the
basement membrane, and induces antigen-specific immune
responses as an adjuvant-free vaccine."”*® Furthermore, a
radioisotope counting assay showed that nasally administered
cCHP nanogel carrying the [''In]-labeled non-toxic subunit of
botulinum neurotoxin does not accumulate in parts of the
central nervous system (CNS) in mice."® In our separate study,
we demonstrated that a nasally administered PspA-nanogel
vaccine is safe and induces strong antigen-specific systemic and
mucosal Ab immune responses, which can protect mice from
invasive challenge with S. pneumonige.”

MicroRNAs (miRNAs) have emerged as important regu-
lators of many biological processes associated with the immune
system, including the function of both innate and adaptive
immune responses.”*>* Accumulating evidence indicates that
miRNA has an essential role in eliciting immune responses.
For example, mice with T lymphocytes in which the
endoribonuclease dicer, which is critical for miRNA biogenesis,

2

has been conditionally knocked out show impaired thymic
development and diminished Th-cell differentiation.>>*® Dicer
deficiency in B cells also prevents B-cell development.”” These
findings indicate the critical functions of miRNAs in the
biology of the cells that constitute the immune system, such as
in the development and differentiation of lymphocytes.
Therefore, it is important to identify the miRNA biomarkers
that engage in both mucosal and systemic antibody responses
induced by nasal immunization with PspA-nanogel. Together,
better understanding of the precise engagement of miRNAs in
mediating humoral and protective immunity will be beneficial
for the development of effective mucosal vaccines.

Before pursuing a clinical trial of a PspA-nanogel- based
vaccine, we designed experiments to assess its safety for the
CNS and its immunological efficacy, including immunologi-
cally relevant miRNA expression, and to demonstrate its safety
and efficacy in nonhuman primates.

RESULTS

['®F1-PspA-nanogel is retained for a long time in the nasal
cavity but is not deposited in the olfactory bulbs or brain
after nasal administration in macaques

We initially confirmed the physicochemical characterization of
PspA-nanogel vaccine used in this study (Supplementary
Figure S1 online), and then investigated the retention of nasal
PspA-nanogel in the nasal cavity and its accumulation in the
olfactory bulbs and CNS in nonhuman primates by using three
naive rhesus macaques. Because the results were nearly iden-
tical for the three macaques, we show the results for only one of
the macaques in Figure 1 (primate #1). The macaque’s head
was placed in the positron emission tomography (PET) scanner
system and real-time imaging was performed for 6h. To
confirm the exact position of the cerebrum, we performed a
magnetic resonance imaging (MRI) scan and then superi-
mposed the PET images onto the MRI images. The real-time
PET images clearly showed that nasally administered ['*F]-
PspA-nanogel was effectively delivered to the nasal mucosa and
retained in the nasal tissues for up to 6h (Figure la,). In
contrast, most of the free form of ['*F]-PspA without a nanogel
had disappeared from the nasal cavity by 3h after nasal
administration (Figure 1a). Furthermore, no deposition of
[*®F]-PspA was detected in the cerebrum or olfactory bulbs of
macaques, even 6h after nasal administration (Figure 1b).
These results show that PspA-nanogel is a CNS-safe and
effective nasal vaccine delivery system in nonhuman primates.

Nasal vaccination with PspA-nanogel induces mucosal and
systemic Ab responses in macaques

We next examined whether the nasal PspA-nanogel vaccine
induced PspA-specific immune responses in cynomolgus
macaques (primates #2-#9). One week after the final immuni-
zation, PspA-specific serum IgG Ab responses were signifi-
cantly increased in macaques nasally immunized with 25 pg of
PspA-nanogel when compared with macaques immunized
with PspA alone or PBS only (Figure 2a). Examination of the
longevity of PspA-nanogel-induced serum antigen-specific IgG
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Figuret PET/MRI ima%es (a,b) and TACs (c) for nasal administration of ['®F}-PspA-nanoge! or ['®F]-PspA-PBS in a naive rhesus macaque. (a) After
nasal administration of ['®F]-PspA-nanogel or ['®F]-PspA-PBS, the macaque’s head was scanned for 6 h with a PET scanner. Real-time PET images
overlaid on MRI images are shown for the indicated times post-administration. (b) To further check whether ['®F]-PspA accumulated in the CNS or
olfactory bulbs (indicated by arrowheads), PET images taken at 6 h post-administration of ['8F]-PspA-nanogel were enlarged. (c) TACs for the nasal
cavity for 6-h period after nasal administration of ['®F]-PspA-nanogel or ['®F]-PspA-PBS are presented. The data are expressed as percentages of the
dose remaining after nasal administration. a: The same macaque was nasally administered of ['®F]-PspA-nanoge! or ['®F]-PspA-PBS with a 1-week

interval between administrations. CNS, central nervous system; MRI, magnetic resonance imaging; PET, positron emission tomography; TACs, time-
activity curves.

AD titers revealed that Ab levels gradually decreased over a  gradually decreased. In addition, PspA-specific BALF IgA Ab
period of 8 months in macaques nasally immunized with PspA-  responses were slightly increased in two of the immunized
nanogel. Similarly, PspA-specific bronchoalveolar lavage fluid  macaques (#3 and #5) (Figure 2c).

(BALF) 1gG and nasal wash IgA Ab responses exhibited higher When these macaques were given a dose of nasal booster of
levels in macaques nasally immunized with PspA-nanogel PspA-nanogel9 months after the final immunization, the levels
when compared with macaques nasally immunized with PspA  of PspA-specific serum and BALF IgG and nasal wash IgA Ab
alone or PBS only (Figure 2b,c), and these Ab levels were also  responses immediately recovered to those observed at 9 weeks
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Figure 2 Nasal immunization with PspA-nanogel induced PspA-specific Ab responses in macaques. Each cynomolgus macaque was nasally
immunized with PspA-nanogel (macaques #2-#6), PspA alone (#7 and #8), or PBS only (#9) at the times indicated with arrows. Serum, nasal wash, and
BALF were collected, and the levels of PspA-specific serum IgG (a), nasal wash [gA (b), and BALF IgG and IgA (c) were determined by ELISA. BALF,

bronchoalveolar lavage fluid.

after the initial PspA-nanogel immunization (Figure 2a-c).
Of importance, a nasal booster induced higher levels of
PspA-specific IgA Ab responses in BALF of two macaques
(#5 and #6) than those observed after the primary
immunization (Figare 2c).

These findings suggest that memory-type PspA-specific Ab
responses are induced in nonhuman primates after nasal
vaccination with PspA-nanogel. PspA-nanogel is therefore a
promising nasal vaccine candidate that can induce long-lasting
antigen-specific systemic and mucosal immunity and can elicit
nasal booster activity in nonhuman primates.

4

Nasal immunization with PspA-nanogel induces
neutralizing Abs against S. pneumoniae in macaques

To investigate whether the nasal PspA-nanogel vaccine induced
neutralizing Abs, we examined whether PspA-specific serum
Abs from macaques nasally immunized with PspA-nanogel
would passively protect against pneumococcal infection.
CBA/N mice were injected intraperitoneally with diluted
pooled sera of macaques nasally immunized with PspA-
nanogel, PspA alone, or PBS only. When all groups of mice were
challenged with S. prneumoniae Xenl0 or 3JYP2670 strain via
the intravenous route, mice passively immunized with sera
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from macaques nasally immunized with PspA-nanogel were
fully protected for at least 2 weeks (Figure 3a,b). In contrast,
mice that received sera from macaques given nasal PspA alone
or PBS only died within 5 days post-challenge (Figure 3a,b).
These results demonstrated that protective immunity with
subtype cross-reactivity was induced by nasal PspA-nanogel
vaccination.

Nasal immunization with PspA-nanogel induces Th2 and
Th17 responses in macaques

As macaques nasally immunized with PspA-nanogel showed
high IgG/IgA Ab responses, we next determined the levels of
cytokine production in CD4 ™ T cells isolated from blood of the
macaques. The macaques nasally immunized with PspA-
nanogel showed increased levels of IL-4 and IL-17 production
by CD4™ T cells when compared with macaques given PspA
alone or PBS only (Figure 4b,c). However, essentially identical
levels of IFN-y were produced by CD4™ T cells isolated from
macaques nasally immunized with PspA-nanogel, PspA alone,
or PBS only (Figure 4a). Furthermore, we showed that nasal
immunization with PspA-nanogel induced PspA-specific IgG1
Ab responses, which is the hallmark of the Th2-type immune
response (Figure 4d). These results indicated that the nasal
PspA-nanogel vaccine could induce Th2 and Th17 cytokine
responses.
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Figure 3 Neutralizing Abs induced by nasal immunization with PspA-
nanogel. Serum from each of the macaques was collected 1 week after the
final primary nasal immunization with PspA-nanogel, PspA alone, or PBS
only. CBA/N mice (10 mice per group) were passively transferred with
100 pl of diluted (1:20) pooled sera via i.p. route. Four hours later, mice
were injected i.v. with 1.5 x 10%c.f.u. S. pneumoniae Xen 10 (a) or
1x10%cfu. S. pneumoniae 3JYP2670 strain (b). The mice were
monitored daily for mortality. Each line represents the median survival
time. c.f.u., colony-forming unit; i.p., intraperitoneal; i.v., intravenous.
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Nasal immunization with PspA-nanogel increases the
expression levels of miRNAs in serum and respiratory tract
tissues in macaques )

To examine the roles of miRNA in the induction of PspA-
specific immunity, we performed miRNA microarray analysis
to identify immunologically associated differences in serum
miRNA profiles between pre-immunized and post-boosted
macaques (data not shown). We selected some immunologi-
cally relevant miRNAs, namely miR-181a, miR-326, miR-155,
miR-17, miR-18a, miR-20a, and miR-92a, the levels of which
were upregulated in post-booster serum samples compared
with pre-immunized serum samples. To further confirm
whether these immunologically relevant miRNAs were upre-
gulated or downregulated in post-booster serum samples
compared with pre-immunized or pre-booster serum samples,
we performed quantitative RT-PCR of them. Expression levels
of miR-326, Thl7-cell differentiation-related miRNA, and
miR-181a, T-cell and B-cell differentiation-related miRNA,
were significantly increased in the sera of macaques given a
nasal booster dose of PspA-nanogel when compared with
control macaques as pre-immunization (Figure 5a). The levels
of the two miRNAs were also shown significantly higher in the
respiratory tract tissues, including nasal tissues and lungs, of
macaques given a booster dose of PspA-nanogel than the levels
in the corresponding tissues of control macaques given PspA
alone or PBS only that was set at 1 (Figure 5b,c). Furthermore,
we analyzed the expression level of Ets-1, which is a known
negative regulator of Th17 cells and is the functional target
of miR-326. We detected a significant decrease in the
expression level of Ets-1 mRNA in the lungs of macaques
given a booster dose of PspA-nanogel compared with those of
control macaques given PspA alone or PBS only (Figure 5c¢).
These results suggest that these miRNAs have important roles
in T-cell and B-cell differentiation and in Th17 cytokine
responses after nasal immunization with PspA-nanogel in
macaques.

DISCUSSION

By using a nonhuman primate system, we demonstrated that
the nasal PspA-nanogel vaccine did not accumulate in the CNS
and effectively induced both mucosal and systemic immunity
associated with protection against pneumococcal infection. To
our knowledge, this study is the first to report the safety and
effectiveness of a nasal PspA vaccine in macaques; therefore,
our results provide a concrete rationale for testing our nanogel-
based PspA vaccine in humans.

The nanogel itself is non-immunogenic material, and a
cancer-specific protein (e.g., Her 2) complexed with a neutral
CHP nanogel produced by means of good manufacturing
practices (GMP) has been used as an injectable cancer
vaccine in clinical research.®® In our previous study, nasal
immunization with CHP-nanogel containing PspA induces
effective antigen-specific immune responses in mice®! but not
in macaques (data not shown); therefore, in the present study,
we developed a cCHP nanogel containing 20 amino groups per
100 glucose units to improve antigen delivery to the nasal
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