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Abstract

Here, we report a simple and low-cost oral oligodeoxynucleotide (ODN)
delivery system targeted to the gut Peyer’s patches (PPs). This system requires only
Dulbecco's modified eagle's medium, calcium chloride, ODNs, and basic laboratory
equipment. ODN nanocapsules (ODNcaps) were directly delivered to the PPs through
oral administration and were taken up by macrophages in the PPs, where they induced
an immune response. Long-term continuous oral dosing with inhibitory/suppressive
ODNcaps (i0DNcaps, ‘iISG3caps’ in this study) was evaluated using an atopic
dermatitis mouse model to visually monitor disease course. Administration of iISG3caps
improved skin lesions and decreased epidermal thickness. Underlying this effect is the
ability of iISG3 to bind to and prevent phosphorylation of signal transducer and activator
of transcription 6, thereby blocking the interleukin-4 signaling cascade mediated by
binding of allergens to type 2 helper T cells. The results of our iISG3cap oral delivery
experiments suggest that iISG3 may be useful for treating allergic diseases.
Keywords: atopic dermatitis; iODN; nanocapsule; oral delivery; Peyer’s patch;

macrophage



Introduction

Genomic DNA derived from pathogenic microorganisms can activate immune
cells such as B cells.t Chemosynthetic immuno-functional oligodeoxynucleotides
(ODNs) such as cytosine non-methylated CpG-ODNs are also useful as adjuvants for
vaccines against infectious agents, cancer, allergies, and inflammatory disorders.?> A
synthetic phosphorothioate (PS)-modified CpG-ODN was used in an in vivo/in vitro
study involving various disease models.® For medical purposes, ODNs have been
administered in a variety of ways, including via intraperitoneal (i.p.),” intravenous
(i.v.),2 and subcutaneous (s.c.)® routes. Although many reports have demonstrated that
CpG-ODNs can be used at doses greater than 100 pg in mice, there are few reports of
oral (i.e., intragastric [i.g.]) administration of ODNs as a drug or food material. This
may be due to the significant challenges associated with oral delivery of nucleic acids.
For instance, ODNs may be degraded by the acidic pH of the stomach or by nucleases,
lipases, and peptidases in the gastrointestinal tract. Both mucin and the intestinal
epithelium are largely impermeable to nucleic acid—based medicines. To overcome
these problems, we developed ODN nanocapsules (ODNcaps) using carbonate-apatite
nanoparticles.

We first examined the effectiveness of ODNCcaps as devices for oral delivery.
We then examined the efficacy of oral administration of CpG-ODNcaps (CpGcaps) or
inhibitory/suppressive ODNcaps (iODNcaps) in preventing atopic dermatitis (AD) in
mice. We previously reported the development of a class | (H154)/class Il (A151)
hybrid iODN (designated “iSG”) that includes the telomeric motif 5-TTAGGG-3".20 We
also found that iSG3 suppresses type 2 helper T (Th2) immune responses in

ovalbumin-treated spleen cells obtained from ovalbumin-allergic model mice.°



However, the pharmacologic properties of ODNcaps have not been characterized. We
employed an AD mouse model to be able to observe disease states according to the
appearance of symptoms. In the case of in vivo experiments, it is difficult to establish an
endpoint. This is particularly true in studies involving mice or other animals, in which
symptoms may occur within the body and thus may not be readily apparent.

In this study, we employed an AD mouse model to investigate the effect of
long-term oral administration of ODNcaps. The results of the in vivo AD trial indicated
that iISG3 significantly inhibits the development of AD skin lesions in mice, whereas the
'B'-type CpG-ODN?! (also known as 'K'-type ODN'?) accelerates development of AD
skin lesions in mice. Oral administration of iSG3caps prevented the formation of AD
lesions through control of intestinal mucosal immunity, at least in part by inhibiting
interleukin (IL)-4/signal transducer and activator of transcription (STAT) 6 signaling.
Should similar activity be observed in humans, iSG3caps may provide an inexpensive,
safe, and effective means of preventing AD. The results of our study suggest that
ODNcaps are potent immunomodulators and therefore may be effective as novel

supplements or drugs.

Results
Synthesis and characterization of ODNcaps

ODNcaps were synthesized under endotoxin-free conditions using a modification
of the method of Chowdhury et al.*® The synthetic strategy is shown in Fig. S1. We
used iSG3 as a representative ODN in the following experiments. The size and
morphology of the iISG3caps were characterized using a digital camera (Fig. 1a) and

scanning electron microscopy (SEM) (Figs. 1b-e). The iSG3caps were composed
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primarily of a large number of irregularly shaped nanoparticles that were about 100-200
nm in size and that readily aggregated. We examined the stability of naked iSG3
(iISG3nak) and iSG3caps by agarose gel electrophoresis (Fig. 1f) and also determined
the concentration of EDTA needed for calcium-disodium chelation to elute the
iISG3caps (Figs. 1g, h). Approximately 5 ug of iISG3 was incorporated into 500 pg of
iISG3caps, corresponding to an ODN encapsulation rate of 1% (Figs. 1i, j). Next, we
investigated the extent of protection afforded the ODN by encapsulation. iISG3caps and
iISG3nak were treated with DNase I, strong alkali (pH 12.0), and autoclaving, and the
effects of these treatments were evaluated using agarose gel electrophoresis (Fig. 1k).
Strong nucleic acid signals were detected for iISG3caps as compared with iISG3nak
following these treatments. We also exposed iSG3caps to simulated gastric juice (pH
1.71) for 16 h at 37°C (Fig. 11). iISG3caps were degraded by exposure to simulated
gastric juice in a time-dependent manner, but encapsulation strongly protected the iSG3
for up to 4 h. Exposure to simulated gastric juice rapidly digested the ODNnak (Fig. 1I).
To determine whether the immunological effects of ODN are retained
following encapsulation, SP cells were stimulated in culture for 6 h with control
GpCnak, CpGnak, GpCcaps, or CpGcaps (Fig. 1m). After stimulation, the level of IL-6
MRNA expression in the SP cells was assessed by real-time quantitative PCR
(RT-gPCR). IL-6 mRNA is a convenient gene marker for measuring the activity of
CpG-ODN. In in vitro splenocyte culture, a system for measuring IL-6 mRNA
following CpG-ODN stimulation has already been established.*® Expression of IL-6
MRNA was enhanced in SP cells stimulated with both naked and encapsulated
CpG-ODN as compared with cells stimulated with control GpC-ODN. We also

examined the ability of iISG3caps to suppress IL-6 mMRNA expression in SP cells (Fig.



1n). Expression of IL-6 mRNA was significantly inhibited by iISG3nak and iSG3caps
(Fig. 1n). These results indicated that encapsulation does not diminish the

immunological effects of ODN.

iSG3caps reach the Peyer's patches (PPs) following oral administration

The effectiveness of in vivo oral administration of iSG3caps depends upon
their behavior in the intestinal mucosa. Encapsulated iSG3 labeled with
6-carboxyfluorescein-aminohexyl amidite (6FAM) was used to determine whether
iISG3caps administered orally arrive at enteric immune sites such as the Peyer’s patches
(PPs). A strong fluorescence signal derived from the feed the mice were provided
impacted the determination of the optimal dosage of fluorescent ODN (data not shown).
Mice were therefore reared for 4 weeks using iVid#2 alfalfa-free feed to reduce
background fluorescence (Fig. 2a). Background fluorescence in the intestinal tract
could be held to an undetectable level using the i1Vid#2 feed. Unencapsulated
6FAM-iSG3nak was not absorbed in the intestinal tract, and therefore, no fluorescence
was observed in the PPs (Fig. 2b). In contrast, fluorescence associated with
6FAM-iSG3caps was clearly observed in the PPs of jejunal follicles (Fig. 2b). These
results demonstrated that iISG3caps resist the digestive actions of gastric acid, enabling

them to reach intestinal PPs.

Macrophages (M®s) take up iSG3caps in PPs following oral administration
We prepared SP cells and performed an uptake assay using 6FAM-iSG3caps
in vitro (Fig. S2). We used 6FAM-iSG3 as a representative ODN. SP cells were treated

with PBS, nanocapsules alone (Cap), 6FAM-iSG3nak, or 6FAM-iSG3caps. SP cells



were then stained for the following cell markers: T cells (CD3"), B cells (CD19%),
macrophages (M®s, CD11b"), and dendritic cells (DCs, CD11c"). The cells taking up
6FAM-iSG3caps were identified using flow cytometry. The results showed that all types
of immune cells examined in vitro took up 6FAM-ODNCcaps (Fig. S2). Previous studies
showed that DNA complexes based on carbonate apatite and calcium phosphate can be
carried across the cell membrane via ion channel-mediated endocytosis.!* !> Therefore,
our results suggest that the observed uptake involved endocytosis induced by physical
characteristics of the capsules.

We then examined the type of immune cells in PPs that take up iISG3caps
following oral administration (Figs. 2a, c). Interestingly, we found that a few percent of
the CD11b" cells (mainly M®s) took up 6FAM-iSG3caps in PP cells following oral
administration of iSG3. Uptake of 6FAM-iSG3caps was not observed in CD3*, CD19",
and CD11c" cells. These results suggest that ODNcaps reach the intestinal PPs within
several hours of oral administration and that a few percent of the M®ds residing in the

PPs take up ODNCcaps.

CpGcaps activate PP cells following oral administration

Next, mice were given CpGcaps by oral administration for 3 consecutive days,
after which expression of interferon (IFN)-y mRNA in jejunal PPs was examined (Figs.
3a, b). With oral administration of CpGcaps, we found no significant difference with
respect to IL-6 mRNA between the CpGcap and control groups. However, we found a
significant difference with respect to IFN-y mRNA. Expression of IFN-y mRNA in
jejunal PPs in mice orally administered CpGcaps was significantly higher than in mice

given control GpCnak, GpCcaps, or CpGnak (Fig. 3b). These results were in agreement



with those of laser microscopic analyses. Although CpGnak could not be delivered to
the intestinal PPs, CpGcaps did reach these important components of the intestinal

immune system and induced expression of IFN-y mRNA.

Activation of M®s following uptake of CpGcaps

We then examined the uptake and immunostimulatory activity of ODNcaps
using peritoneal macrophages (pM®s) as model PP M®s (Fig. 4). The uptake of
6FAM-ODNnak and 6FAM-ODNcaps by pM®s was investigated using confocal laser
scanning microscopy (Fig. 4a). The pM®s took up all of the 6FAM-ODNCcaps (Figs. 4b,
c). This uptake involved endocytosis, as described above (Fig. S2). Cellular activation
of pM®s as a marker of IL-6 mMRNA expression was linked to enhanced vesicular
uptake of CpGcaps (Fig. 4d). CpGcaps-induced IL-6 mMRNA expression was inhibited

by iSG3caps (Fig. 4d).

Effect of oral administration of ODNcaps to AD mice

We measured the weight of all mice weekly during the study period (Figs. 5a,
b). No significant weight differences were observed between mice that were not
administered (NA) and mice that were administered Caps, CpGcaps, or iSG3caps with
picryl chloride (PiCl). A clear trend toward increased weight was observed in mice in
the non-treated (NT; i.e., mice that did not receive any treatment) group without PiCl
treatment as compared with the other groups after the sixth week.

We scored the severity of skin reactions in AD mice according to a
modification of the method of Yamaguchi et al. (Table S1).1® The severity of AD

symptoms on the skin of the auricles and the back of each mouse was recorded digitally



in a blinded test (Fig. 5¢). In the NA and Caps groups, AD symptoms appeared 4 weeks
after the start of the study (Figs. 5¢, d). Aggravated allergic symptoms were observed in
the CpGcaps group 3 weeks after the start of the study. In the iSG3caps group, the
clinical skin score increased slowly relative to that of all other groups except the NT
group. A significant difference in clinical skin score was observed between the NA and
iISG3caps groups after the sixth week. No allergic symptoms appeared in the NT group.
We also measured the thickness of the right and left auricles weekly during the study
period using a vernier micrometer (Fig. 5d). Thickening of the auricle was observed in
the NA and Caps groups after the sixth week. Thickening of the auricles was observed
in the CpGcaps group after the fifth week, and the degree of thickening was clearly
greater than that observed in all other groups except the NT and iSG3caps groups. In the
iISG3caps group, the degree of thickening was significantly less than that observed in all
other groups except the NT group. A significant difference in auricle thickness (P <
0.05) was observed between the iISG3caps and NA groups in the eighth, ninth, and the
tenth weeks. In the NT group, the auricle was relatively flat, with a thickness of
0.20-0.25 mm. We also performed a preliminary study of the effects of oral
administration of low-concentration ODNnak (10 pug/mouse/dose) (Fig. S3). Oral
administration of CpGnak and iSG3nak at 10 pg/mouse produced similar results to
those obtained with the NA group. These results indicate that low concentrations of
ODNnak do not arrive at the PPs via the oral route, as shown in Fig. 2b and Fig. 3b.
Levels of total serum IgE were also measured (Fig. 5e). In the NA and Caps
groups, the total serum IgE level increased after the fourth week. In the CpGcaps and

iISG3caps groups, total serum IgE levels increased after the sixth week. Serum IgE



levels were significantly different in the NA and iSG3caps groups in the tenth week,

suggesting that administration of iISG3caps inhibits IgE production.

Administration of iSG3caps improves the histologic symptoms of AD

Head photographs of mice showing the average clinical score for each group
are shown in Fig. 6a. Sections of the auricles were obtained at the end of the study
period, embedded in paraffin wax, stained with hematoxylin and eosin (HE) (Fig. 6b)
and acidic toluidine blue (TB) (pH 4.0) (Fig. 6¢), and observed under a light microscope.
Fields stained dark purple represent the epidermis. Epidermal thickness was measured
at five random points in the auricle sections from five mice/group (Fig. 6d). Epidermal
thickness was significantly higher in the NA, Caps, and CpGcaps groups as compared
with the NT group, and hypertrophy of the skin was also observed. However, the degree
of epidermal thickness was significantly lower in the iISG3caps group as compared with
the NA, Caps, and CpGcaps groups, indicating that hypertrophy with cutaneous
inflammation was controlled in the iISG3caps mice. The number of mast cells was
significantly lower in the iISG3caps group compared with the NA, Caps, and CpGcaps
groups (Fig. 6e). Photographs of the backs of mice in the NA and iSG3caps groups
taken in the tenth week are shown in Fig. S4. Administration of iISG3caps had an
inhibitory effect on AD development. Both histologic and macroscopic improvements in

AD symptoms were achieved following oral administration of iISG3caps.

iISG3 inhibits Th2 signaling and CpG-ODN enhances IL-33 production
We analyzed the expression of STAT6 and phospho (p)-STAT6 in SP cells

isolated from immunized mice treated with/without ODNs and antigen (AG).
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Expression of pSTAT6 was inhibited by iSG3 in a concentration-dependent manner
(Figs. 7a, b). We demonstrated that iISG3 can block tyrosine phosphorylation of STAT6
in immune cells from allergic model mice stimulated with allergen (Figs. 7c, d). These
results suggest that iISG3 inhibits Th2 differentiation by selectively blocking the
phosphorylation of STAT6. In the FACS dot plots shown in Figs. 7f, h, the vertical and
horizontal axes indicate the intensity of IL-4-, CD4-, and IL-33-associated fluorescence.
The proportions of various CD4*IL-4" cells (i.e., Th2 cells) relative to the total cell
count were as follows: [isotype control], 0.06 £ 0.02%; [GpC + PBS], 0.68 + 0.37%);
[GpC + AG], 2.38 + 0.89%; [CpG + AG], 0.47 + 0.16%; and [iSG3 + AG], 0.26 +
0.06% (Fig. 7e). These results demonstrate that differentiation of [iISG3 + AG]
treated-cells into Th2 cells is significantly suppressed by iSG3. The proportions of
various 1L-33" cells relative to the total cell count were as follows: [isotype control],
7.32 + 1.63%; [GpC + PBS], 13.64 + 4.09%:; [GpC + AG], 39.44 + 14.56%; [CpG +
AG], 67.68 + 6.02%; and [iSG3 + AG], 20.93 + 9.35% (Fig. 7g). These results
demonstrate that differentiation of [CpG + AG]-treated cells into IL-33" cells is
significantly enhanced by CpG-ODN.

Finally, we showed that oral administration of ODNcaps regulates systemic
immunity. AG-immunized mice were orally administered Caps, CpGcaps, or iSG3caps
for 28 days (Fig. 8a). We measured the weight of the spleen (Fig. 8b) and prepared SP
cells from AG-immunized mice at day 28. The SP cells were resensitized with AG. The
CpGcaps group showed a statistically significant increase in spleen weight compared
with the NT and iSG3caps groups (Fig. 8b). The spleen weight of the iSG3caps group
was similar to that of the NT group (Fig. 8b). AG administration (> 10 ug/mL) is

capable of inducing high levels of in vitro IL-33 mRNA expression in SP cells.}” We
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resensitized the SP cells with 50 ng/mL of AG and investigated the effect of oral
administration of ODNcaps (CpGcaps and iSG3caps) on systemic immunity.
Interestingly, oral administration of iISG3caps to mice significantly suppressed the
expression of IL-33 mRNA (Fig. 8c) and the proportion of 1L-33" cells (Fig. 8d) among
the resensitized SP cells. An allergic reaction was induced by i.p. AG administration and
oral administration of CpGcaps, and the spleen became significantly enlarged. These
results suggest that continual oral administration of ODNcaps can be used to regulate

systemic immunity.

Discussion

CpG-ODN has attracted considerable attention for its potential to serve as an
anti-allergic functional molecule. The anti-allergic activities of CpG-ODN have been
examined in various in vivo trials. A number of reports have demonstrated the palliative
effects of CpG-ODN in reducing allergic symptoms/bronchitis. -2 In particular, Youn
et al. reported improvement in symptoms following i.p. administration of CpG-ODN in
an ovalbumin-allergy respiratory tract inflammation mouse model.? They found that
CpG-ODN significantly lowers expression of transforming growth factor (TGF)- and
thymus and activation-regulated chemokine and reduces the number of CD4" cells in
the airways.?® In addition, Takakura et al. reported the effects of CpG-ODN
administration in AD mice.? Although the authors of that study reported that i.p.
administration of CpG-ODN had a prophylactic effect in some NC/Nga mice affected
by AD, symptoms were worsened in others (10/26).2° In those mice in which AD
worsened in that study, the number of Th1l cells in the spleen increased, and the level of

total serum IgE decreased. Furthermore, Takakura et al. reported that AD is exacerbated
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by i.p. administration of recombinant IFN-y. In both our study and that of Takakura et
al., CpG-ODN strongly induced IFN-y production and inhibited Th2-type immune
responses. Although it is clear that CpG-ODN is responsible for inhibition of IgE
production, we found that there is a risk of aggravating allergic symptoms. This effect
appears to depend on the dose and dosing period; timing of the administration appears
critical for preventing or reducing allergic symptoms. Our CpGcap experiments serve as
a supplement to the study of Takakura et al. Our results show that CpGcaps are
delivered to the intestinal mucosa following oral administration and that this presents a
risk of worsening allergies through induction of IFN-y production. Moreover, we
showed that oral administration of CpGcaps up-regulates systemic IL-33 production.
Previously, we reported that imiquimod and CpG-ODN strongly induce 1L-33
expression in mouse SP cells via Toll-like receptors (TLRs) 7, 8, and 9, an effect that is
not observed with TLR2, TLR3, and TLR4.! We also found that CpG-ODN strongly
induces production of I1L-33 in AG-stimulated SP cells derived from AG-immunized
mice. Here, we also found that orally administered CpGcaps were delivered to the gut
PPs of AG-immunized mice, where they induced systemic 1L-33 expression. IL-33 is a
member of the IL-1 family of cytokines and shares many characteristics with IL-1a,
IL-1B, and 1L-18.2"-28 1L-33 plays important roles in inflammatory disorders as well as
infectious and autoimmune diseases. IL-33 binds to the IL-1-related receptor protein
ST2 and induces the production of inflammatory and Th2 cytokines in mast cells, Th2
cells, basophils, and eosinophils.?® ProlL-33 (31 kDa), which is found in high levels in
endothelial cells, binds to the ST2 receptor on the surface of Th2 cells when released
from injured cells, inducing a Th2 type immune response. A Japanese group recently

published the results of a study of the association between IL-33 and allergic diseases
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(e.g., AD, allergic asthma); in an allergic mouse model, excessive expression of IL-33
was shown to worsen allergic symptoms.3% 3!

In this study, we expected that in vivo oral administration of CpG-ODN
would exhibit anti-allergic effects through induction of IFN-y production. Unexpectedly,
a worsening of allergic symptoms was observed. Our results showed that CpG-ODN is
not suitable for use in balancing the Th1/Th2 response in patients with allergies.?® An
important finding in this study was that oral dosing with CpGcaps in a state of allergen
sensitization presents a risk of aggravating symptoms. Strong induction of IFN-y and
IL-33 production following oral administration of CpGcaps was shown to potentially
worsen AD. However, CpGcaps may be effective for post-treatment in the absence of
allergen. CpGcaps may be effective for use as a vaccine adjuvant and may also prove
useful for preventing infections and tumors in vivo if the focus of their use is on
enhancing overall immunity.

In this study, we used iODN, which has an opposite effect on immune
function compared with CpG-ODN, as evidenced by exacerbation of allergic symptoms
induced by administration of CpGcaps. In 2013, our research group designed a class /11
hybrid-type iODN, designated iSG3, which strongly inhibits both Th1 and Th2 immune
responses.’? In a study of the class 11 iODN A151, Klinman et al. showed that A151
inhibits IFN-y production and signaling associated with the production of Th1 cytokines
such as IL-12 by inhibiting phosphorylation of STAT1, STAT3, and STAT4.32% The
antagonism of Th1 immunity by A151 results in a shift in the immune response to a Th2
type.® Prior to the development of iSG3,° Th2 suppression by iODNs had not been
reported. Therefore, in this study, we investigated the anti-allergic effects of iSG3 in

vivo. Long-term continuous oral dosing with iSG3caps was evaluated using an AD
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mouse model. This in vivo study of the effects of oral administration of iISG3caps
followed our previous in vitro study by Ito et al.!® Administration of iSG3caps to
AG-immunized mice resulted in inhibition of Th2 immune responses and IL-33
production. Interestingly, long-term oral administration of iISG3caps regulated systemic
immune responses and exhibited strong anti-allergic activity. It will be necessary to
investigate the role of IL-33 further relative to the differences in symptoms in mice
administered iISG3caps vs. those administered CpGcaps.

It will also be important to investigate how the oral administration of
ODNcaps may alter the gut microbiome. Numerous reports have established that the
intestinal microbial community plays a fundamental role in human physiology and
disease.®® ¥ Particularly, Pickard et al. showed that systemic exposure to TLR ligands
such as lipopolysaccharide (TLR4 ligand), B type CpG ODN (TLR9 ligand), and the
TLR2 agonist Pam3CSK4 cause o(1,2)-fucosylation of small intestine epithelial cells in
mice.®® Further precise studies will be necessary to confirm whether alterations in the
gut microbiome are the mechanism through which oral administration of ODNcaps
regulates systemic immunity.

Finally, we discuss the system for oral delivery of ODNs. Mucosal
immunological responses develop primarily in gut-associated lymphoid tissues. There
are a number of reports in the literature describing methods for oral delivery of
pharmacologic agents to the intestinal tract, in addition to our calcium-based
nanoparticle carrier for ODN.**-** Mucosal immunological responses have been
employed in the successful development of oral vaccines.** It is anticipated that in the
future, immuno-functional ODNs will prove to be excellent adjuvants. However,

because nucleic acids lack stability, oral delivery of intact molecules to the intestinal
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mucosa is difficult. As mentioned above, ODNs have been administered by i.p., i.v.,
and s.c. routes in vivo. In 2012, Zhu et al. reported an oral delivery system using TLR
ligands (such as CpG-ODN) that target the large intestine using pH-dependent PLGA
(poly-D,L-lactide-co-glycolide).*® The authors reported that the PLGA complexes pass
through the upper gastrointestinal tract (stomach—small intestine) and can act as a
vaccine in the large intestine.*® Although Zhu et al. used CpG-ODN as a vaccine
adjuvant, their study demonstrated the feasibility of delivering functional nucleic acid
molecules to the intestinal mucosa.*® Based on the work of Chowdhury et al.,*> 46 we
developed ODNcaps that are resistant to simulated gastric juice. ODNcaps are capable
of targeting PPs. We demonstrated that ODNcaps pass through the follicle-associated
epithelium (FAE) in the PPs and are taken up by M®s.

The procedure of ODNCcap synthesis is simple and requires only Dulbecco's
modified eagle's medium (DMEM), calcium chloride (CaClz), an ODN, and basic
laboratory equipment. Furthermore, our calcium-based nanoparticle carrier is less
expensive than previously proposed nucleic acid carriers. However, further
improvement in the ODN encapsulation efficiency is needed.

Reducing the cost of synthesizing PS-modified ODNs is also necessary for
clinical applications. It has been reported that phosphodiester (PO)-bonded CpG-ODN,
which does not require PS, exhibits strong immune activity due to the characteristics of
its structure.*” We therefore anticipate the development of PS-independent ODNSs in the
near future. The ability to compound capsules containing various ODN sequences opens
the possibility of using ODNcaps in in vivo studies employing a variety of mouse
disease models. More basic data are needed to confirm that immuno-functional ODNs

are useful food and drug materials.
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Materials and Methods
ODNs

Endotoxin-free desalted PS-ODNs and 6FAM-labeled PS-ODNs were
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA, USA). The
PS-ODNs were reconstituted in endotoxin-free water and passed through a 0.22-pum
pore microfilter (Nihon Millipore K.K., Tokyo, Japan). ODN sequences were as
follows: B type CpG ODN, MsST derived from the Streptococcus thermophilus lacZ
gene (5°-CAGGACGTTGTATCACTGAA-3),! class I/11 hybrid iODN, iSG3
(5’-CCTCATTAGGGTGAGGG-3°),%° control GpC ODN

(5-GCTAGAGCTTAGGCT-3").48

Preparation of ODNcaps

Carbonate apatite—based ODNcaps were prepared using a modification of the
method of Fukuda et al.*® A 4-mL volume of 1 M CaCl, was mixed with 150 pg of
ODN in 26 mL of fresh serum-free HCO* -buffered DMEM high-glucose medium
(C11995500BT, pH 7.5, Invitrogen, Carlsbad, CA, USA) and then incubated for 30 min
at 37°C for complete generation of DNA/carbonate apatite particles (Fig. S1). For SEM
analysis, ODNcap powder was affixed to an aluminum holder and the particles were
coated with osmium tetroxide (OsO4) (Neoc-AN; Meiwafosis, Tokyo, Japan). The
resulting ODNcaps were examined under a field emission scanning electron microscope

(JSM-6700F; Jeol, Tokyo, Japan) at an accelerating voltage of 15 kV.

The stability of iISG3caps was also examined by incubation at pH 12 for 16 h
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at 37°C and by treatment or no treatment (i.e., time zero) involving incubation in
simulated gastric juice for 1-16 h at 37°C.

Simulated gastric juice was prepared by dissolving 0.2 g of sodium chloride
and 0.32 g of pepsin (#24-0940, Sigma-Aldrich, St. Louis, MO, USA) in 0.7 mL of
hydrochloric acid and sufficient water to a final volume of 100 mL.*° The solution had a
pH of 1.71 as measured using a pH meter.*® After treatment, the ODNcaps were
dissolved in 50 mM EDTA/PBS for calcium-disodium chelation. Gels were prepared
with 3% (w/v) agarose (Nippon Gene, Toyama, Japan) in Tris-acetate—-EDTA buffer
(pH 8.3). Gel electrophoresis was performed at a constant voltage of 100 V for 15 min.
ODN was visualized using SYBR Gold staining for single-stranded ODN, and gel
images were obtained using a Gel Doc™ EZ System (Bio-Rad Laboratories, Inc.,

Philadelphia, PA, USA).

Cells and cell culture

SP cells!® and pM®s!* were prepared using standard methods. Cells were
cultured in triplicate-quadruplicate wells of a 24-well plate (Nalge Nunc International
K.K., Tokyo, Japan) at a final concentration of 2 x 10° cells/well (total 1 mL/well) in
complete RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum
(Sigma-Aldrich), 100 U/mL of penicillin, 100 mg/mL of streptomycin, 25 mM HEPES,

1.0 mM sodium pyruvate, nonessential amino acids, and 0.0035% 2-ME.

RT-gPCR analysis
RT-gPCR analyses were performed with SYBR Premix Ex Taq (TaKaRa Bio

Inc.) using specific primers, as previously described.!® Primers for p-actin, 1L-6, IL-33,
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and IFN-y were purchased from TaKaRa Bio Inc. As a control, poly(A)* RNA samples
were used as templates to check for the presence of contaminating genomic DNA. The
sensitivity of the reaction and amplification of contaminating products, such as
self-annealed primers, were evaluated by amplifying serial dilutions of cDNA. For
cross-sample comparison of results obtained following various treatments, levels of
cytokine mRNA were first normalized to those of B-actin mRNA. Data are shown as the

mean £ SD of one representative of three independent experiments with similar results.

Localization analysis and assay of uptake by PPs of orally administered
6FAM-iSG3caps

After weaning (4 weeks of age), mice were fed a nonfluorescent feed
"iVid#2" (Oriental Yeast Co., Ltd., Tokyo, Japan) ad libitum for 4 weeks (Fig. 2a).
Localization of orally administered PBS, 6FAM-iSG3nak, or 6FAM-iSG3caps was
investigated. We used iSG3 as a representative ODN. Each mouse was orally
administered 200 pL of PBS, 10 pg of 6FAM-1SG3nak in 200 uL of PBS, or 1 mg of
6FAM-iSG3caps in 200 pL of PBS. Four hours after administration, the mice were
euthanized and jejunul PPs were isolated.

For the localization assay, PPs of the jejunum were embedded in Tissue-Tek
O.C.T. compound (Sakura Finetek Co., Ltd., Tokyo, Japan) and frozen in liquid nitrogen.
The frozen samples were sectioned longitudinally at a thickness of 10 um, mounted on
silane-coated glass slides, and the nuclei were stained with 4/,
6-diamidino-2-phenylindole (DAPI). The localization of 6FAM-iSG3nak and
6FAM-i1SG3caps was determined using a confocal laser scanning microscope

(FV1000D-1X81; Olympus, Tokyo, Japan) equipped with selective DAPI and
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fluorescein isothiocyanate (FITC) filters. Image analysis was performed using Fluoview
software (Olympus).

For the uptake assay, PP cells were isolated from jejunal and ileal PPs. Briefly,
PPs were gently pressed through a nylon mesh and washed three times in complete
RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum
(Sigma-Aldrich), 100 U/mL of penicillin, 100 mg/mL of streptomycin, 25 mM HEPES,
1.0 mM sodium pyruvate, nonessential amino acids, and 0.0035% 2-ME. Cells were
fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature. Cells were first
stained with biotin-labeled anti-mouse CD3, CD19, CD11b, or CD11c antibody
(Biolegend) for 60 min on ice. The cells were then washed, incubated with PE-labeled
streptavidin, and washed again. The number of cells that had taken up 6FAM-ODN
(6FAM™ cells) was determined using a FACSCalibur (BD Biosciences, Mountain View,
CA, USA). Data were acquired and analyzed using BD CellQuest software (BD

Biosciences).

Immune activity of orally administered CpG-ODNcaps in PPs

GpCnak, CpGnak, GpCcaps, or CpGcaps were administered orally to mice at
6 weeks of age consecutively for 3 days (Fig. 3a). Food was withheld from mice
overnight on the last day of administration, and the jejunal PPs were then resected. We

measured IFN-y mRNA expression by RT-gPCR.

Flow cytometric assay of 6FAM-ODNnak and 6FAM-ODNCcap uptake
The pM®s were treated with PBS, 6FAM-ODNnak (GpCnak, CpGnak,

iISG3nak; 10 ug/mL), or 6FAM-ODNCcaps (GpCcaps, CpGcaps, iISG3caps; 1 mg/mL)
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for 1 h at 37°C. Cells were fixed in 4% PFA for 15 min at room temperature. Cells were
then washed and the uptake of ODN (6FAM® cells) was determined using a
FACSCalibur (BD Biosciences). Data were acquired and analyzed using BD CellQuest

software (BD Biosciences).

Confocal laser scanning microscopic assay of 6FAM-iSG3nak and 6FAM-iSG3cap
uptake by pMds

Freshly isolated pM®s were treated with PBS, 6FAM-iSG3nak (5 pg/mL), or
6FAM-iSG3caps (500 pg/mL, containing 5 pg/mL iSG3) for 1 h at 37°C. We used iSG3
as a representative ODN. The pM®s were then fixed in 4% PFA for 15 min at room
temperature. Uptake of 6FAM-iSG3nak and 6FAM-iSG3caps was determined using a
confocal laser scanning microscope (FV1000D-IX81, Olympus) equipped with
selective FITC filters. Image analysis was performed using Fluoview software

(Olympus).

Protocol for inducing AD and method for oral administration of test materials
Pathogen-free male NC/Nga mice (4 weeks of age) were purchased from
Japan SLC (Shizuoka, Japan) and maintained for at least 2 weeks before use in a filtered
laminar-flow enclosure in a bioclean room. AD was induced by repeated topical
application of 2,4,6-trinitrochlorobenzene (picryl chloride; PiCl; Tokyo Kasei Kogyo,
Tokyo, Japan). First, 150 puL of 5% PiCl dissolved in 99.5% ethanol and acetone
mixture (4:1) was applied to the abdomen, breast, and sole of the feet of mice. Four
days after the first application, 25 pL of 1% PiCl dissolved in olive oil was applied to

each side of the ear auricles at 1-week intervals for a total of 10 challenges. At the same
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time, the back of each mouse was also painted with 200 uL of 1% PiCl with a brush.
Each mouse was orally administered 1 mg of ODNcaps or Caps in 200 pL of PBS for

70 consecutive days (i.e., days 0 to 69).

Evaluation of skin reaction severity

The severity of AD-like auricle skin lesions was assessed once per week using
the following clinical skin test. AD mice were scored by two persons blinded to the
treatment protocol. Before auricle skin conditions were scored, the head/ears and
shoulders of each mouse were photographed, and the thickness of the right and left ears
was measured using a digital vernier micrometer. The total clinical severity of AD-like
lesions was defined as the sum of the individual scores, graded as 0 (none), 1 (mild), 2
(moderate), and 3 (severe) for each of three signs and symptoms (erythema/hemorrhage,

ear thickness/edema, dorsal excoriation/erosion) (Table S1).

Dermal histology

NC/Nga mice were sacrificed and the auricles were fixed overnight in cold
4% PFA/PBS and then embedded in paraffin wax according to standard procedures
after washing several times with phosphate buffer. Paraffin sections were obtained from
the mice showing the average clinical score for each group, cut at a thickness of 5 um,
and mounted on silane-coated glass slides. The thin sections were stained with HE or
acidic TB (pH 4.0) and examined by light microscopy for histologic changes. The
thickness of the epidermis in HE sections was expressed as the total from counts of five
fields. The mast cells between the epithelium and panniculus carnosus were counted as

previously described™ and the data expressed as the total number of mast cells in five
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fields.

Immunization

Pathogen-free male BALB/c mice (4 weeks of age) were purchased from
Japan SLC and kept under temperature- and light-controlled conditions. Mice were
given a standard diet of Labo MR Breeder feed (Nihon Nosan Co., Kanagawa, Japan)
and sterile water ad libitum. After a preliminary period of 2 weeks, mice (6 weeks of
age) were sensitized once weekly for 3 weeks with i.p. injections of 100 pg of AG
(buckwheat, Fagopyrum esculentum, lyophilized form, GREER Laboratories, Lenoir,
NC, USA) and alum adjuvant (allergen to adjuvant ratio of 1:20). Mice were used for
the study at 8 weeks of age. All experimental procedures were carried out in accordance
with the Regulations for Animal Experimentation of Shinshu University, and the animal
protocol was approved by the Committee for Animal Experiments of Shinshu
University. Based on national regulations and guidelines according to Law No. 105 and
Notification No. 6, all experimental procedures were reviewed by the Committee for
Animal Experiments and finally approved as No. 230070 by the president of Shinshu

University.

Immunoglobulin enzyme-linked immunosorbent assay (ELISA)
Serum IgE levels were quantified using a commercially available ELISA kit
(Mouse IgE ELISA Quantitation Kit; Bethyl Laboratories, Inc., Montgomery, TX,

USA) according to the manufacturer’s instructions.

Western blotting
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Cells were cultured with 10 ug/mL of buckwheat and 3 uM ODN for 1 h and
then lysed in cell lysis buffer (CelLytic M, Sigma-Aldrich) containing protease inhibitor
cocktail (Sigma-Aldrich). Protein concentrations were determined using a BCA Protein
Assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Samples of whole cell
extracts (10 ug each) were incubated for 30 min in SDS sample buffer at 70°C and
resolved by 15% (v/v) SDS-PAGE. Proteins were then transferred from the gel onto a
Hybond-P PVDF membrane (GE Healthcare Japan, Tokyo, Japan). Immunoblots were
probed with antibodies specific to STAT6 and pSTAT6 (pTyres1) (Sigma-Aldrich),
followed by horseradish peroxidase—conjugated secondary antibody (Sigma-Aldrich).
Signals were visualized using ECL Prime Western Blotting Detection Reagent (GE
Healthcare Japan). Blots were probed with anti-p-actin antibody (Sigma-Aldrich) to

normalize for protein loading.

Intracellular staining

SP cells (2 x 108 cells/well) were stimulated with 50 pg/mL AG and 3 pM
ODN for 72 h. After stimulation, cells were cultured at 37°C in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 100 U/mL of penicillin, 100 pg/mL of
streptomycin, 20 pg/mL of brefeldin A, 2 pg/mL of ionomycin, and 20 ng/mL of
phorbol 12-myristate 13-acetate for 5 h. The stimulated SP cells were first stained with
FITC-labeled anti-mouse CD4 antibody (Biolegend, San Diego, CA, USA) for 15 min
at 4°C. For intracellular staining, cells were fixed in 4% PFA for 15 min at room
temperature, washed, permeabilized in 0.5% Triton X-100/PBS with 1% BSA for 15
min on ice, and then further incubated with PE-labeled anti-mouse IL-4 antibody

(Biolegend). SP cells were first stained with anti-mouse 1L-33 antibody (Medical &
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Biological Laboratories Co., Ltd., Tokyo, Japan) for 60 min on ice and then washed and
further incubated with FITC-labeled anti-mouse 1gG (Biolegend). Cells were washed
again and the percentages of CD4IL-4" and I1L-33" cells were determined using a
FACSCalibur (BD Biosciences). Data were acquired and analyzed using BD CellQuest
software (BD Biosciences). All analyses were carried out at least in triplicate, and

representative results are presented.

Oral administration of ODNcaps to AG-immunized mice

After a 1-week preliminary period, mice (5 weeks of age) were orally
administered 1 mg of Caps, CpGceaps, or iSG3caps for 4 weeks (i.e., days 0 to 27). Mice
were sensitized with i.p. injections of 100 pug of AG and alum adjuvant (allergen to
adjuvant ratio of 1:20) on days 7 and 21. After 4 weeks (day 28), all mice were
sacrificed, their spleens were extracted and weighed, and the cells were cultured with 50
ug/mL of AG for 72 h. After stimulation, cells were activated for 5 h, fixed,
permeabilized, and stained with antibodies. The stained cells were washed and the
percentages of CD4*IL-4" and IL-33" cells were determined using a FACSCalibur (BD
Biosciences). Data were acquired and analyzed using BD CellQuest software (BD

Biosciences).

Statistical analysis

ANOVA and post-hoc tests were performed using a statistical software
package (ystat2004.xls, Igakutosho Shuppan, Tokyo, Japan). One-way ANOVA with
post-hoc Student-Newman-Keuls test was used to determine the significance of

differences in in vitro experiments. The significance of differences with respect to body
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weight, clinical skin score, ear thickness, serum IgE levels, and the proportion of IL-33"
cells was determined using two-sided Student’s t-tests. Differences were considered
significant at P < 0.05. Values for in vivo experiments are expressed as the mean +

standard error (SE). Other values are expressed as the mean * standard deviation (SD).
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Figure Legends

Fig. 1. Characterization of iSG3caps. (a) Digital camera photograph and (b-e) SEM
photographs of iISG3caps. Scale bar equals 10 mm (a), 100 um (b), 10 um (c), 1 um (d),
and 200 nm (e). (f) Optimum density of iISG3 for agarose gel electrophoresis. PS-iSG3
was diluted 1:5 serially, from 25 pg/well to 0.008 pg/well for 3% (w/v) agarose gel
electrophoresis. Data are representative of at least three independent experiments. (g, h)
Optimum concentration of EDTA for bursting capsules. EDTA was diluted 1:5 serially,
from 250 mM to 0.4 mM for analysis of capsule bursting. Data are representative of at
least three independent experiments. (i, j) iSG3caps (500 pg) were synthesized
containing 5 pug of iISG3. The encapsulation rate of ODN was calculated as
approximately 1%. (k) Agarose gel electrophoresis analysis of ODN stability. iSG3nak
and iSG3caps were incubated with DNase | at 37°C for 16 h; NaOH, pH 12.0, at 37°C
for 16 h; or autoclaved at 121°C for 20 min. Data are representative of at least three
independent experiments. (1) Resistance of iISG3nak and iSG3caps to simulated gastric
juice following incubation at 37°C for 16 h. The non-treated control was not incubated
in simulated gastric juice (i.e., time zero). Data are shown as the mean + SD (n = 3) of
one representative of three independent experiments with similar results. *, P < 0.05.
(m, n) RT-gPCR analysis of 1L-6 mRNA expression in SP cells. (m) SP cells (2 x 10°
cells/mL) were pre-incubated in medium for 3 h prior to exposure to GpCnak, GpCcaps,
CpGnaks, or CpGcaps for 6 h. (n) CpGcaps plus GpCnak, GpCcaps, iSG3nak, or
iISG3caps were added to examine the suppressive effect. Results are shown as the ratio
of IL-6 mMRNA levels (normalized to B-actin) in stimulated vs. non-treated cells. Data
are shown as the mean = SD (n = 4) of one representative of three independent

experiments with similar results. Values with different letters (i.e., a, b, c) were
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significantly different (P < 0.01).

Fig. 2. Assay of iISG3caps uptake following oral administration. (a) Schedule for
experiments to determine the localization of orally administered 6FAM-iSG3caps in the
intestinal mucosa. Effective uptake of iISG3caps by jejunal PPs. (b) Confocal laser
microscopic images of PPs 4 h after oral administration of PBS, 6FAM-conjugated
iISG3nak (6FAM-iSG3nak), and 6FAM-conjugated iSG3caps (6FAM-iSG3caps).
6FAM-iSG3caps, but not 6FAM-iSG3nak, specifically reached the PPs (arrow).
6FAM-iSG3nak was attached to the apical surfaces of the follicle-associated epithelium
(arrow). Scale bar equals 200 pm. Lower panels are high-magnification views. Data are
representative of at least three independent experiments with similar results. (c) Assay
of uptake of orally administered PBS, 6FAM-iSG3nak, or 6FAM-iSG3caps by PP cells.
Flow cytometric analysis of PP cells stained with anti-CD3, CD11b, CD11c, or CD19
antibodies. The level of 6FAM-iSG3 or 6FAM-iSG3cap uptake by stained cells is
shown as a percentage in the dot plots of gated cells. Analyses were carried out at least

in triplicate with similar results, and representative results are presented.

Fig. 3. CpGcaps activate PP cells following oral administration. (a) Schedule for
experiments examining the immune activity of orally administered CpGcaps in jejunal
PPs. After rearing for 2 weeks, mice were administered PBS, ODNnak (GpCnak or
CpGnak), or ODNCcaps (GpCcaps or CpGcaps) for 3 consecutive days. (b) RT-gPCR
analysis of IFN-y mRNA levels in jejunal PPs isolated from mice orally administered

ODNnak or ODNcaps. Results are shown as the level of IFN-y mRNA normalized to
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that of B-actin. Data are representative and shown as the mean + SE for each animal; n

= 5 mice/group. **, P < 0.01.

Fig. 4. Activation of pM®s following uptake of CpGcaps. (a-c) The pM®ds were
treated with PBS, 1 pg of 6FAM-ODNnak, 100 pg of Caps, or 100 ug of
6FAM-ODNcaps for 1 h at 37°C. (a) Confocal laser microscopic analysis of
6FAM-iSG3nak and 6FAM-iSG3caps in pM®s. Green fluorescence is indicative of
6FAM-iSG3. Scale bar equals 5 um. (b) Representative FACS plots of analyses gated
on pM®s. (c) Histogram illustrating uptake of 6FAM-ODNnak or 6FAM-ODNcaps. (d)
RT-gPCR analysis of IL-6 mRNA expression in mouse pM®s. Results are shown as the
level of IL-6 mMRNA normalized to that of 3-actin. Data are shown as the mean + SD (n
= 3) of one representative of three independent experiments with similar results. **, P <

0.01.

Fig. 5. The effect of oral administration of ODNcaps to AD mice. (a) Schedule for
the long-term in vivo trial. After rearing for 2 weeks, each mouse was administered 1
mg of Caps, CpGcaps, or iSG3caps for 10 weeks. The body weight (BW) (b), clinical
skin test results (CST; clinical skin sore, CSS) (c), and ear thickness (ET) (d) of each
mouse were monitored during the experiment. Blood was collected from the caudal vein
every other week. After 10 weeks, all mice were sacrificed and their spleens were
extracted for analysis of the immune response. BC, blood collection; PiCl, PiCl
challenge. (b) Change in body weight of mice. (c) The dermatitis score was defined as
the sum of scores for three clinical criteria. (d) The thickness of the right and left ear
auricles was measured using a vernier micrometer once per week. (e) Total serum IgE

29



levels were monitored for 10 weeks. Data are shown as the mean + SE for each animal
at each time point; n = 5-15 mice/group (b-e). The data for the NA and iSG3cap groups
(n = 15) are pooled from three independent experiments (b-e). **, P < 0.01; *, P < 0.05

for indicated groups at the same time point.

Fig. 6. Histologic changes in ear skin observed on day 70. Head (a), HE (b), and TB
(c) staining of thin ear sections of mice. The scores (left ear: L; right ear: R) shown in
the photographs in (a) indicate ear thickness (mm). The average clinical skin score
(CSS; by clinical skin test) is shown at the top of the panels in (a). Thin sections (5 pum)
were cut and stained with HE (b, scale bar equals 200 um) or TB for mast cells
(red-purple staining) (c, scale bar equals 100 pum). (d) The thickness of the epidermis in
HE sections and (e) the number of mast cells were determined from five mice, and the
results are presented as the mean + SE (n = 5). Letters (i.e., a, b, ¢, d) represent

significant differences (P < 0.05).

Fig. 7. Inhibition of Th2 signaling and 1L-33 production by iSG3. (a-d) Effect of
ISG3 on STAT6 phosphorylation in SP cells isolated from AG-immunized mice. (a, b)
Concentration-dependent effect of iISG3 on STAT6 phosphorylation. Protein extracted
from SP cells was treated for 60 min with different concentrations of iISG3 (0.001-10
uM) or PBS and then blotted to detect STAT6 Tyresr phosphorylation (pSTATG6).
Concentration-response curve shows the result from a densitometric analysis. Data are
representative of three independent experiments with similar results. (c, d) SP cells were
incubated with/without 10 pg/mL of AG and 3 uM ODN (GpC-ODN, CpG-ODN, or

iISG3) for 60 min. The effect on STAT6 phosphorylation was determined by Western
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blot analysis of cell lysates. Data are representative of three independent experiments
with similar results. (d) Densitometric analysis of three independent Western blots
shows quantitation of pSTAT6/STAT6/B-actin levels. The results shown are the mean +
SD (n = 3) from three independent experiments. Values with different letters (i.e., a, b,
c) are significantly different (P < 0.01). (e-h) Flow cytometric analysis was performed
to determine the proportions of CD4*IL-4" cells and I1L-33* cells. SP cells isolated from
AG-immunized mice were treated with ODN and/or AG for 72 h. (f, h) Representative
FACS plots gated on CD4" IL-4" cells and IL-33" cells. (e, g) The results represent the
mean £ SD (n = 3) from three independent experiments with similar results. **, P <

0.01 for indicated group(s). ns, not significant.

Fig. 8. ODNcaps regulate systemic immunity following oral administration. (a)
Schedule for experiments examining the systemic immune activity of orally
administered Caps, CpGcaps, and iSG3caps in AG-immunized mice. After rearing for 2
weeks, mice were administered PBS, Caps, or ODNcaps (GpCcaps or CpGcaps) for 4
weeks (days 0-27). The mice were sensitized with i.p. injections of 100 pug of AG with
adjuvant on days 7 and 21. After 4 weeks, all mice were sacrificed and their spleens
were extracted and cultured with 50 pg/mL of AG for 72 h. (b) Spleen weight (mg). (c)
RT-gPCR analysis of IL-33 mMRNA expression in SP cells derived from mice
immunized with in vitro AG resensitization. Results are shown as the level of mMRNA
normalized to that of B-actin. Data are representative and shown as the mean + SE of
three independent experiments with n = 5 mice/group. (d) Flow cytometric analysis was
performed to determine the proportion of 1L-33* cells. SP cells (2 x 10°) isolated from

AG-immunized mice were treated with ODN and/or AG for 72 h. Each symbol
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represents an individual mouse, n = 5 mice/group. **, P < 0.01 for NT vs. CpGcaps. ns,

not significant.
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Supplementary Materials and Methods

Assay of 6FAM-ODNnak and 6FAM-ODNcap uptake by SP cells

SP cells were prepared using standard methods.*% * Cells were collected and treated
with 2 mg/mL of collagenase (Wako, Osaka, Japan) for 30 min at 37°C with shaking at
50 rpm. Cells were washed and cultured in triplicate-quadruplicate wells of a 24-well
plate (Nalge Nunc International K.K., Tokyo, Japan) at a final concentration of 2 x 108
cells/well. Cells were treated with PBS, 6FAM-iSG3nak (10 pug/mL), or
6FAM-iSG3caps (1 mg/mL) for 1 h at 37°C. Cells were fixed in 4% PFA for 15 min at
room temperature. Cells were first stained with biotin-labeled anti-mouse CD3, CD11b,
CDl11c, or CD19 antibody (Biolegend) for 60 min on ice. Cells were then washed and
incubated with PE-labeled streptavidin. Cells were washed again and the number of
cells that had taken up 6FAM-iSG3 (6FAM™ cells) was determined using a
FACSCalibur (BD Biosciences). Data were acquired and analyzed using BD CellQuest

software (BD Biosciences).
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Supplementary Figure Legends
Fig. S1. Procedure for synthesis of ODNcaps. The ODN encapsulation rate in the

ODNcap synthesis procedure is approximately 67%.

Fig. S2. Assay of iISG3caps uptake in vitro. Flow cytometric analysis of SP cells
treated with PBS, Cap, 6FAM-iSG3nak, or 6FAM-iSG3caps in vitro and stained with
the indicated antibodies (anti-mouse CD3, CD11b, CD11c, or CD19). The level of
6FAM-iSG3 or 6FAM-iSG3caps uptake by the indicated cells is shown as a percentage
in the dot plots of gated cells. Analyses were carried out at least in triplicate with similar

results, and representative results are presented.

Fig. S3. Oral administration of ODNnak to AD mice. Long-term in vivo trial
involving NA (n = 15), CpGnak (n =5), and iSG3nak (n = 5) treatments. The NA data
are taken from Fig. 5. After rearing for 2 weeks, each mouse was administered 10 ug of
CpGnak or iSG3nak for 10 weeks. The body weight (BW) (a), clinical skin test results
(CST; clinical skin sore, CSS) (b), and ear thickness (ET) (c) of each mouse were
monitored during the experiment. (a) Change in BW of mice. (b) The dermatitis score
was defined as the sum of scores for three clinical criteria. (c) The thickness of the right
and left ear auricles was measured using a vernier micrometer once per week. Data are
shown as the mean + SE for each animal at each time point; n = 5-15/group (a-c). ns,

not significant.

Fig. S4. Photographs of the backs of mice in the NA and iSG3caps groups. The

average clinical skin score (CSS) on day 0 (a) and for the NA (day 70) (b) and iSG3cap
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(day 70) (c) groups. Administration of iISG3caps suppressed erythema and erosion of

the skin on the back. The scores (left ear: L; right ear: R) indicate ear thickness (mm).
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Table S1.Clinical skin score.

Ear and dorsal lesions were evaluated for three symptoms.

Ear:
Score erythema
hemorrhage
Area=9—fl%
Y
+ R
None=0
Y&V R

Area=5-20% %

Mild=1

Ear:
thickness
(edema)

(Right+Left):
<0.60mm

(Right+Left):
0.60-0.79mm

Dorsal:
excoriation
erosion
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