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Abstract

Background: Bacterial genomes span a significant portion of diversity, reflecting their adaptation strategies; these
strategies include nucleotide usage biases that affect chromosome configuration. Here, we explore an immuno-
synergistic oligodeoxynucleotide (iSN-ODN, named iSN34), derived from Lactobacillus rhamnosus GG (LGG)
genomic sequences, that exhibits a synergistic effect on immune response to CpG-induced immune activation.

Methods: The sequence of iISN34 was designed based on the genomic sequences of LGG. Pathogen-free mice were
purchased from Japan SLC and maintained under temperature- and light-controlled conditions. We tested the effects
of iSN34 exposure in vitro and in vivo by assessing effects on mRNA expression, protein levels, and cell type in murine

splenocytes.

Results: \We demonstrate that iSN34 has a significant stimulatory effect when administered in combination with CpG
ODN, yielding enhanced interleukin (IL)-6 expression and production. IL-6 is a pleotropic cytokine that has been shown
to prevent epithelial apoptosis during prolonged inflammation.

Conclusions: Our results are the first report of a bacterial-DNA-derived ODN that exhibits immune synergistic activity.
The potent over-expression of IL-6 in response to treatment with the combination of CpG ODN and iSN34 suggests a
new approach to immune therapy. This finding may lead to novel clinical strategies for the prevention or treatment of

dysfunctions of the innate and adaptive immune systems.
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Background

Nucleic acids have been shown to be particularly potent
molecular triggers of the innate immune response, not
only providing a quick response against pathogens but
also playing a role in shaping the adaptive immune re-
sponse. These nucleic acids include CpG oligodeoxynu-
cleotides (CpG ODNs) that are responsible for the
immune stimulatory effect of bacterial DNA [1]. Several
studies have demonstrated that bacterial DNA, as well as
synthetic CpG ODNs (ODNs containing unmethylated
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CG dinucleotides and a phosphorothioate or chimeric
backbone that renders these molecules nuclease resistant),
have potent immunostimulatory effects [2]. In the present
study, we investigated the immune response using ODN
candidates from the Lactobacillus rhamnosus GG (LGQG)
genome. Notably, the genomes of diverse bacteria share
DNA motifs that are rarely found in higher vertebrates
[3-5]. These motifs include non-methylated CG dinucleo-
tides that trigger cells expressing Toll-like receptor 9
(TLRY); this trigger results in the activation of natural
killer (NK cells), B cells, monocytes, macrophages, and
dendritic cells [2, 6-9], yielding an innate immune re-
sponse characterized by the production of Th-1 cells and
proinflammatory cytokines [10-12].

It is speculated that some intestinal bacteria exert be-
neficial effects, whereas others demonstrate deleterious
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effects. LGG chromosomal DNA has been shown to be a
potent inducer of splenic B cell proliferation, CD86/CD69
expression, and cytokine production in mouse [13] and an
efficient suppressor of allergic activity [14]. In addition,
various bacterial strains (including Lactobacillus, Lacto-
coccus, Bifidobacterium, Enterobacter cloacae, Bacteroides
fragilis, Enterococcus faecalis, and Escherichia coli) have
been shown to induce pro inflammatory mediators such
as tumor necrosis factor (TNF) -«, interleukin (IL) -6,
IL-12p70, and IL-23; these mediators may in turn be re-
sponsible for the induction and maintenance of chronic
inflammatory responses [15—18]. One component shared
among these inducing organisms is the nature of bacterial
DNA. Bacterial DNA constitutes a pathogen-associated
molecular pattern (PAMP) that is recognized by the verte-
brate immune system, leading in turn to coordinated im-
mune responses comprising both innate and acquired
immunity [19]. Unmethylated CpG dinucleotides, which
are present at high frequency in prokaryotic DNA but are
rare in eukaryotic DNA [20, 21], are considered one such
PAMP. Other research has suggested that bacterial DNA,
alone or in combination with other bacterial products,
triggers the release of IL-6, IL-12, interferon (IEN) -y, and
immunoglobulin (Ig) M [22]. In this context, the ability of
bacterial DNA to induce IL-6 is of special interest. In fact,
overproduction of IL-6 in vivo has been shown to cause
various clinical symptoms and abnormalities (e.g., spiking
fever, skin rash, arthritis, pericarditis, hepatosplenomegaly,
and growth retardation) in laboratory models, which may
explain the manifestations observed in patients with vari-
ous inflammatory diseases, including rheumatoid arthritis
(RA) and systematic-onset juvenile idiopathic arthritis
(soJIA) [23, 24]. Here, we show that stimulation of mouse
splenocytes with the combination of CpG-ODN and an
immuno-synergistic ODN (iSN-ODN, which we have des-
ignated iSN34) derived from LGG genomic sequences
yields significant up-regulation of IL-6 expression. We fur-
ther demonstrate that this combination treatment leads to
increased IL-6 expression in vivo, and that this increased
expression enhances clinical symptoms and abnormalities.
Indeed, CpG-motif-containing ODNs are widely studied
as promising adjuvants for vaccines against a range of dis-
eases, including infections, cancer (including kidney, skin,
breast, uterine and immune malignancies [25, 26]), and
allergies. Thus, our results are consistent with those previ-
ous studies; our observation of selective enhancement of
IL-6 expression suggests that synergistic ODNs might be
useful as vaccine adjuvants.

Methods

Animals

Pathogen-free female C57BL/6 mice (4 weeks of age)
were purchased from Japan SLC (Shizuoka, Japan) and
maintained under temperature- and light-controlled
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conditions. Mice were provided with ad libitum access
to a standard diet of Labo MR Breeder (Nihon Nosan
Co., Kanagawa, Japan) and sterile water. Mice were 6 to
7 weeks of age at the start of the study.

ODNs

Endotoxin-free desalted phosphorothioated (PS) ODNs
were synthesized by Integrated DNA Technologies, Inc.
(Coralville, IA, USA). Each of the PS-ODNs was recon-
stituted in endotoxin-free water and passed through a
0.22-um pore microfilter (Nihon Millipore K.K., Tokyo,
Japan) prior to use. Mouse splenocytes were treated with
equimolar amounts of CpG ODN 1555 [27], control
ODN 1612 [28], CpG ODN 1585 [29], CpG ODN 2395
[30], or MsST (defined below) [31] (Table 1).

Cells and cell culture

Splenocytes were prepared using standard methods
[32, 33]. and were then cultured in triplicate or quadru-
plicate wells of a 24-well plate (Nalge Nunc International
KK, Tokyo, Japan) at 2 x 10° cells/well in volumes of
1 mL/well of RPMI 1640 medium (Sigma-Aldrich) supple-
mented with 10% fetal calf serum (Sigma-Aldrich), 100 U/
mL penicillin, 100 pg/mL streptomycin, 25 mM HEPES,
1.0 mM sodium pyruvate, nonessential amino acids, and
0.0035% 2-mercaptoethanol (2-ME).

gPCR analysis

For analysis of gene expression, total RNA was isolated
from ODN-stimulated mouse splenocytes and treated
with DNase I (Macherey-Nagel GmbH & Co., Duren,
Germany) for 15 min at room temperature; the nuclease
was then heat-inactivated by incubation of the mixtures
at 70 °C for 15 min [29, 34—36]. Thereafter, cDNA was
prepared by reverse transcription from 1 pg of total
RNA per sample using the prime Script® RT reagent kit
(TaKaRa Bio, Inc., Tokyo, Japan). Equal volumes of
c¢DNA were used for quantification of various cytokine
c¢DNAs via real-time quantitative PCR (qPCR) using a
Thermal Cycler Dice® Real Time System (TaKaRa Bio,
Inc., Tokyo, Japan). The qPCR analyses were performed
with SYBR Premix Ex Taq (TaKaRa Bio) using gene-
specific primers, as described previously [32]. Primers

Table 1 ODN sequences

Name 5'-sequence-3’ Ref.
Ctr(ODN1612)  G*CTPA’GTA'G*C T T°AG G C°T [28]
CpG-A(1585)  G*GGGTCAACGTTGAG’G'G'G*G*G [29]
CpG-B(1555)  G*CTPA*GTACU G T T°AGC°GT [27]
CpG-B(MsST)  CA’GGAC G TT G T AT CAC TP GPA’A  [31]
CpG-C(2395) TCGTCGTTTTCGCGCCEFCEC G'CCG  [30]
iSN34 TTCCT A A G CT TGP AG G CCT This study

?Phosphorothioate bond
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for the B-actin- and IL-6-encoding genes were purchased
from TaKaRa Bio. As a control, poly (A)" RNA samples
were used as templates to check for the presence of con-
taminating genomic DNA. Each pair of gene-specific
primers included one primer designed to span an exon-
intron junction, and the other designed to span the
actual exon-intron boundary. The sensitivity of the reac-
tion 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-encoding mRNA were first normalized to
those of B-actin-encoding mRNA. Data are shown as the
mean + standard deviation (SD) of one experiment rep-
resentative of three independent experiments that
yielded similar results.

Wash-out assay

Splenocytes were prepared using standard methods [35].
Cells were cultured in a 24-well plate (Nalge Nunc Inter-
national K.K., Tokyo, Japan) at 1 x 10” cells/well in vol-
umes of 1 mL/well of complete RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% fetal calf serum,
100 U/mL penicillin, 100 pg/mL streptomycin, 25 mM
HEPES, 1.0 mM sodium pyruvate, nonessential amino
acids, and 0.0035% 2-ME. Cells were incubated in the
presence of 3 uM iSN34 for 24 h at 37 °C in a 5% CO,
environment. Cells were then washed with fresh medium
to remove the iSN34. Cells were resuspended in fresh
medium supplemented with 3 uM CpG-B (ODN 1555)
for 6 h and cytokine expression was detected by qPCR
as described above. Data are shown as the mean + SD of
one experiment representative of three independent ex-
periments that yielded similar results.

Cytokine quantification

IL-6 levels in cell culture supernatants after 48 h of vari-
ous treatments were quantified using a commercially
available ELISA kit (eBioscience Inc., San Diego, CA,
USA) according to the manufacturer’s instructions.

Intracellular staining

Splenocytes (2 x 10° cells/well) were pre-incubated for
3 h in medium supplemented with either 0.625 pM
iSN34 or an equivalent volume of water. Cells then were
washed with medium to remove the ODNss, resuspended
in medium containing 3.0 pM CpG-B (ODN 1555), and
incubated for 12 h. After stimulation, cells were cultured
for 4 h at 37 °C in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 U/mL of penicillin,
100 pg/mL of streptomycin, 10 pg/mL of brefeldin A,
2 pg/mL of ionomycin, and 20 ng/mL of phorbol 12-
myristate 13-acetate. For intracellular staining, cells were
fixed in 4% PFA for 15 min at room temperature,
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washed, and permeabilized by incubation for 15 min on
ice; cells were then further incubated with phycoerythrin-
labeled anti-mouse IL-6 antibody (Biolegend). Splenocytes
were first stained with anti-mouse IL-6 antibody for
60 min on ice. Cells were washed and the percentages of
CD19" IL-6" cells were determined using FACS Calibur
(BD Biosciences). Data were acquired and analyzed using
Flow Jo software. All analyses were carried out at least in
triplicate; representative results are presented.

In vivo study

In vivo experiments employed 4-week-old C57BL/6
female mice obtained and maintained as described
above. After a preliminary acclimatization period of
2 weeks, mice (6 weeks of age) were sensitized by a total
of 3 intraperitoneal (ip.) injections (administered once
every other week) of 200 uL of phosphate-buffered saline
(PBS) + PBS, PBS (100 pL) + CpG-B (100 pg), iSN34
(20 pg) + PBS, or iSN34 (20 ug) + CpG-B (100 pg). For
this study, MsST was used as the CpG-B. MsST is a
strong immunostimulatory CpG ODN that is derived
from the lacZ gene of Streptococcus thermophilus
ATCC19258 and has an ability similar to that of the
murine prototype CpG ODN (ODN 1555) to induce in-
flammatory cytokine production and cell proliferation
[31]. Mice were subjected to euthanasia and necropsy at
1 week after the final i.p injection (ie., at 11 weeks of
age). At sacrifice, we measured body weight, spleen
weight, and spleen length, and collected blood for fur-
ther analysis.

Statistical analysis

All statistical analyses were performed using a statistical
software package (Prism 7, GraphPad, Inc., La Jolla, CA,
USA). Two-tailed One-way ANOVA with a post-hoc
Tukey-Kramer test was used to determine the signifi-
cance of the differences in all experiments except for the
body weight trends. Body weight gain changes were ana-
lyzed by Two-way ANOVA with post-hoc Bonferroni to
compare treatment and time effects. Differences were
considered significant at p < 0.05. Values for the in vivo
experiment (spleen weight and spleen length) are pre-
sented using box and whisker plots. Other in vitro values
are presented as means + SDs of three independent
experiments (7 = 9).

Results

Immune synergistic activity of LGG ODN and expression
of IL-6 mRNA by murine immune cells

In this study, we analyzed the synergistic effects of ODNs
that had been designed based on LGG DNA sequences.
Candidates that were positive for synergistic effects in a
preliminary screen were subjected to confirmation of syn-
ergistic activity by assessing the stimulation of IL-6 mRNA
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expression in splenocytes (Additional file 1 Figure S1). In
order to determine the effect of iSN34 on the expression
and secretion of cytokines, we assessed IL-6 transcription
in mouse splenocytes exposed to the combination of
iSN34 + CpG-B. To determine the optimal concentration
of iSN34 for this assay, we examined /L-6 mRNA accumu-
lation in the presence of iSN34 at concentrations ranging
from 0.01 to 10 pM. As shown in Fig. la, iSN34 (in the
presence of CpG-B) exhibited dose-dependent stimulation
of IL-6 expression at iSN34 concentrations of 0.01 to
2,5 uM and the highest concentration of iSN34 deter-
mined at 0.63 uM. Next, we compared the activity of
iSN34 (0.63 uM) when combined with CpG-A (ODN
1585), CpG-B (ODN 1555), CpG-C (ODN 2395), or nega-
tive control (ODN 1612) ODN. As shown in Fig. 1b,
iSN34 exhibited synergy in the induction of IL-6 mRNA
expression when combined with A-type, B-type, or C-type
CpG ODNSs, while the combination of iSN34 and C-type
CpG ODN did not yield significant induction of IL-6
mRNA expression. These results suggested that synergy
was strongest for the combination of iSN34 and CpG-B
(ODN 1555). To further explore the activity of iISN34, we
also examined the molecule’s effect on murine splenocytes
in a wash-out assay. The culture was exposed to 3 pM
iSN34 + CpG-B or control (water) for 24 h to monitor the
immune synergistic activity after iSN34 removal. Interest-
ingly, as shown in Fig. 1¢, immune synergistic activity was
maintained in splenocytes after iSN34 was removed from
the culture, such that /L-6 mRNA levels were effectively
unchanged after wash-out of the ODNs.

Induction of IL-6 production by exposure to low-
concentration iSN34

We next investigated the secretion of IL-6 by murine
splenocytes grown for 48 h in the presence of different
concentrations of iSN34 (0.01 to 10 uM) + CpG-B; in
this experiment, IL-6 levels in the spent medium were
detected by ELISA. The results showed that the secre-
tion of IL-6 was elevated in a dose-dependent fashion
following iSN34- exposure, with peak IL-6 secretion de-
tected in the presence of 0.63 pM iSN34 (Fig. 2). This
result indicated that a low concentration of iSN34 can
induce IL-6 production.

Enhancement of the IL-6" subpopulation in murine
splenocytes

Next, we sought to investigate the effect of iSN34 expos-
ure on a specific subpopulation of the splenocytes. Specif-
ically, we used flow cytometry to classify the identity of
IL-6" mouse splenocyte cells following stimulation of the
CpG-induced immune reaction by the synergistic ODN.
We observed that the population of CD19" IL-6" cells was
increased following induction with iSN34 + CpG-B
(Fig. 3a). As shown in Fig. 3a, the percentage of CD19"
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Fig. 1 iSN34 was used to determine the optimal concentration of ODNSs. a
Mouse splenocytes were pre-incubated in medium for 3 h prior to exposure
0 iSN34 (at 001, 004, 0.16, 063, 2.5, or 10 pM) + CpG-B (ODN1555; at
equimolar levels) or to ODN 1612 (control) for 6 h. Accumulation of /-6
MRNA was determined by gPCR. Results are shown as the ratio of /-6
MRNA levels for stimulated (iSN + CpG-B) versus ODN 1612-treated cells. b
The synergistic effects of iISN34 (063 uM) were assessed in combination with
CpG-A (ODN 1585), CpG-B (ODN 1555), CpG-C (ODN 2395), and Ctr 1612
(Control ODN). € Mouse splenocytes (1 x 107 cells/mL) were pre-incubated
in medium for 3 h prior to exposure to 3 UM ODN 1612 or iSN34 for 24 h.
Cells then were washed with medium (to remove the ODNs) and
resuspended in medium with 3 pM CpG-B (ODN 1555) for 6 h. Results
are shown as /-6 mRNA expression (normalized to 3-actin-encoding
MRNA; see gPCR method) in stimulated cells in the wash-out assay. All
assays were carried out at least three independent times in triplicate.
Similar results were obtained from at least three different mice. Values
are presented as mean + SD of three independent experiments, each
performed in triplicate (n = 9). Values with different letters (ie, a, b, ¢, d,
and e) were significantly different. ****p < 0.0001 vs. iSN34 (0 pM)
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Fig. 2 iSN34 with CpG-B enhances IL-6 production. Supernatants
from stimulated cells were collected and IL-6 protein levels were
measured by ELISA. Mouse splenocytes were harvested 48 h later
and intracellular IL-6 protein levels were determined by ELISA. All
assays were carried out at least three independent times in triplicate.
Similar results were obtained from at least three different mice.
Values are presented as mean + SD of three independent experiments,
each performed in triplicate (n = 9). Values with different letters (ie, a,
b, ¢, d, e, and f) were significantly different. ****p < 0.0001 vs.

iSN34(0 uM). ND; not detectable

cells were significantly elevated in the cells treated with
iSN34 + CpG-B. Additionally, this stimulation rendered
the CD19" IL-6" subpopulation a significantly larger frac-
tion of the total cell population (Fig. 3b). Thus, the syner-
gistic effects of iSN34 + CpG-B reflected increased IL-6
expression in CD19" B-lymophocytes.

Effect of i.p. injection of iSN34 + CpG

We next extended our analysis of the synergistic effects
of iSN34 + CpG by testing this treatment in vivo
(Fig. 4a). All four groups of mice (n = 4/group; injected
ip. with PBS + PBS, PBS + CpG-B, iSN34 + PBS, or
iSN34 + CpG-B) exhibited typical weight gain during
the course of the study, and there was no significant dif-
ference among the 4 groups in terms of terminal body
weight (Additional file 2 Figure S2). We did, however,
note hypertrophy (splenomegaly) of the spleen in mice
treated with iISN34 + CpG-B compared to the spleens of
the other groups (Additional file 3 Figure S3); these
effects were significant whether assessed as spleen
weight (Fig. 4b) or length (Fig. 4c). Our findings suggest
that the combined use of iSN34 and CpG-B may find
application in modifying the innate immune response.
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Fig. 3 Representative flow cytometry plots. Dot plot of forward-angle
versus right-angle light-scattering properties; the oval marks indicate
the electronic windows used for analysis of fluorescence data for
lymphocyte precursors; the rectangular boxes indicate the electronic
windows used for analysis of fluorescence data for monocyte precursors
with percentages. a A quadrant has been set to delineate the CD19 and
IL-6 cells. Murine splenocytes were stimulated with water + water, water
+ CpG-B, iSN34 + water, or iSN34 + CpG-B for 12 h, and then sorted into
CD19" IL-6" cells. b Mean percentage of IL-6" CD19" cells in the total
population was determined in each group. Similar results were obtained
from at least three different mice. Values are presented as mean + SD of
three independent experiments, each performed in triplicate (n = 9).
Values with different letters (ie, a, b, ¢, and d) were significantly

different (p < 0.01)

- J/
Discussion
Our study revealed that iSN34 exhibits immune

synergistic effects when combined with CpG-ODN. The
activity of iSN34 was associated with multiple types of
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Fig. 4 Cellular changes in spleens of mice following the in vivo trial. a Schematic design of the in vivo experiment, performed in female C57BL/6
mice. Six-week-old mice were sensitized by a total of three i.p. injections (administered once every other week) with 200 L of PBS + PBS, PBS
(100 pb) + CpG-B (100 pg), iSN34 (20 pg) + PBS, or iSN34 (20 ug) + CpG-B (100 pg). Mice were euthanized at 11 weeks of age. b Spleen weight
(mg). ¢ Spleen length (cm). Results in panels b and ¢ are presented using box and whisker plots. The central bar in each box indicates the median, with
boxes extending to the 25th and 75th percentile values; whiskers extend to the minimum and maximum values. Values with different letters (ie, a, b,
¢, and d) were significantly different (p < 0.01)
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CpG-ODNs. We showed the synergistic activity of
iSN34 + CpG at the level of IL-6 mRNA accumulation,
IL-6 protein secretion, and IL-6" cell production following
in vitro exposure of cultured splenocytes. Among the
tested ODNSs, only iSN34 exhibited these effects, which
were observed only when combined with CpG ODN.
Previous work has shown that CpG ODN is an extremely
potent stimulator of dendritic cells and macrophages,
causing the induction of Th-1-associated cytokines such
as IL-6 and IL-12 [37]. In the present work, the ODN
iSN34 was able (in combination with CpG) to stimulate
the production of IL-6, suggesting that iSN34 would be a
highly effective adjuvant for Th-1-mediated vaccines.

Thus, our results indicated that the combination of
iSN34 + CpG strongly induces the expression of IL-6,
and therefore might be useful for the prevention or
treatment of diseases associated with inflammatory dis-
orders, including RA, inflammatory bowel disease (IBD),
multiple sclerosis, systematic-onset juvenile chronic
arthritis (JCA), osteoporosis, and psoriasis [38-41].
However, other work has shown that IL-6 acts as a po-
tent stimulator of B-cell proliferation [42], plasma cell
survival [43], and antibody production [44], effects that
might be at odds with the prevention or treatment of
some diseases. Further work will be needed to address
the combination of these distinct effects.

We observed that iSN34 exhibited greater synergy
when combined with CpG-B (Fig. 1b). On the other
hand, iSN34 did not display synergy in combination with

CpG-C. These results indicated that CpG-B is the appro-
priate synergistic inducer for use with iSN34. Our stud-
ies also showed that co-administration of iSN34 + CpG
ODN had synergistic effects in a wash-out assay. Specif-
ically, we demonstrated that splenocytes pretreated with
iSN34 maintain the ability to stimulate the immune re-
sponse even after the iSN34 is washed out, suggesting
that the immune synergistic effect of iSN34 may be me-
diated via stimulation of cell signaling. Assessment of
the immune synergistic effect of iSN34 + CpG-B by
measuring IL-6 protein secretion (via ELISA) demon-
strated that 0.63 uM iSN34 yielded peak synergistic effi-
cacy under our experimental conditions.

CD109 is one of the most reliable biomarkers for B cells
that can receive positive stimuli from a variety of cyto-
kines, including IFN, IL-4 and IL-6; such stimulation
leads to proliferation, differentiation, cytokine produc-
tion, and other effector functions [45]. In the present
work, B cells exposed to the combination of CpG and
iSN34 showed significant up-regulation of CD19 expres-
sion compared to controls. To clarify whether specific
subpopulations of cells were selectively activated by
iSN34, we further characterized IL-6producing spleno-
cytes using flow cytometry. This flow cytometric analysis
revealed that the proportion of IL-6secreting CD19*
B-cells in the spleen increased over two-fold in mice
treated with iSN34 + CpG-B, compared to the levels
seen in the control group (Fig. 3c). These findings could
be relevant for the study of inflammation.



Nigar et al. BMC Immunology (2017) 18:44

We also found that co-administration of iSN34 + CpG-
B in vivo in healthy mice was sufficient to cause expansion
of this cell type, yielding increased spleen weight and
length. Notably, this treatment did not result in significant
changes in terminal body weight compared to control
groups, suggesting that iSN34 was not associated with
gross toxicity (as might be implied by weight loss or at-
tenuation of weight gain). We did, however, detect hyper-
trophy of the spleen in mice sensitized by i.p. injection
with iSN34 + CpG-B. In previous work, we demonstrated
that CpG-B is involved in activating the innate immune
response and induces splenomegaly [29, 46]. Indeed,
splenomegaly has been considered an important com-
plication of acute and chronic disease for more than
100 years [47-49].

Notably, iSN34 does not provide significant synergistic
induction of inflammatory cytokines (TNF-«, IFN-y)
other than IL-6 (data not shown). Given this observa-
tion, combined therapies incorporating iSN34 may sig-
nificantly complement and further enhance the positive
effects of mucosal immunity. In summary, our study
demonstrated that iSN34 acts synergistically in combin-
ation with CpG ODN in the induction of IL-6. This
multifunctional cytokine was originally identified as a
T-cell-derived factor, and has subsequently been shown
to induce the differentiation of activated B-cells into
antibody-producing cells with biological activities that
include the regulation of immune response, inflamma-
tion, and hematopoiesis [23]. This synergy may represent
a new modality for the treatment of systematic inflam-
matory disorders.

Conclusions

The new insights provided by this study suggest a new
concept of synergistic ODN activity distinct from that
described in previous ODN studies. However, the impli-
cations of this synergy for clinical symptoms or disease
risk are unknown. These facts suggest that this immune
synergy represents a wide-open research field with good
scientific prospects, and could yield improvements in
the prevention and treatment of immune disorders.
However, further preclinical and clinical investigations
will be needed to understand how specific targeting of
the IL-6 pathway can be applied in disease treatment.

Additional files

Additional file 1: Figure S1. Analysis of /-6 mMRNA expression in
mouse splenocytes, as assessed by gPCR. Mouse splenocytes (2 x 10°
cells/mL) were pre-incubated in medium for 3 h prior to exposure to

3 uM iSN candidates (No. 1-50), to CpG-B (ODN 1555), or to ODN 1612
(control) for 6 h. The results are presented as the mean + SD of at least
three independent experiments, each performed in triplicate. *** p < 0.0001
vs. [Ctr (1612) + CpG-B] (blue). Red: [iSN34 + CpG-B], Orange: [iSN35 + CpG-B].
(TIFF 16522 kb)
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Additional file 2: Figure S2. Body weight trends in female C57BL/6
mice (from 6 to 11 weeks of age) during treatment with iSN34 + CpG-B
or control regimens. Body weights were measured once weekly. Data
presented are the average weight per group. Data are presented as
mean + SE. (TIFF 2046 kb)

Additional file 3: Figure S3. Changes in spleen size in mice after
administration of iSN34 + CpG-B or control regimens. The picture shows
representative spleens from one animal of each of the four groups:

PBS + PBS, PBS + CpG-B, iSN34 + PBS, and iSN34 + CpG-B. (TIFF 5405 kb)

Abbreviations

CpG ODN: Cytosine-phosphate-guanine oligodeoxynucleotide; IFN: Interferon;
IL: Interleukin; iSN ODN: Immuno-synergistic oligodeoxynucleotide;

JCA: Systematic-onset juvenile chronic arthritis; LGG: Lactobacillus rhamnosus
GG; PAMP: Pathogen-associated molecular pattern; PBS: Phosphate-buffered
saline; RA: Rheumatoid arthritis; soJIA: Systematic-onset juvenile idiopathic
arthritis; TNF: Tumor necrosis factor

Acknowledgments
We thank Ms. Mizuki Yamada and Mr. Ryu Sugimura (Faculty of Agriculture,
Shinshu University) for excellent animal care and technical support.

Funding
This work was supported by A-STEP (Adaptable and Seamless Technology
Transfer Program through Target-driven R&D).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

Design of the research, TSh; performing experiments, SN, YY, TOa; data
interpretation, SN, TS; supplying materials, TSa; writing manuscript, SN, TSa.
All authors read and approved the final manuscript.

Ethics approval

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 and in
accordance with Law No. 105 and Notification No. 6, all experimental
procedures were reviewed by the Committee for Animal Experiments and
finally approved as No. 230030 by the president of Shinshu University.

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no conflicts of interest in this study.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details

'Interdisciplinary Graduate School of Science and Technology, Shinshu
University, 8304 Minamiminowa, Kamiina, Nagano 399-4598, Japan.
Department of Nutrition and Food Technology, Jessore University of
Science and Technology, Jessore, Bangladesh. *Research Fellow of the Japan
Society for the Promotion of Science (JSPS), 5-3-1 Kojimachi, Chiyoda-ku,
Tokyo 102-0083, Japan. “Graduate School of Science and Technology,
Shinshu University, 8304 Minamiminowa, Kamiina, Nagano 399-4598, Japan.
*Department of Intestinal Fcosystem Regulation, Faculty of Medicine,
University of Tsukuba, 1-1-1, Tennodai, Tsukuba, Ibaraki 3058575, Japan.
®Metabologenomics Core, Transborder Medical Research Center, University of
Tsukuba, 1-1-1, Tennodai, Tsukuba, Ibaraki 3058575, Japan. 7Department of
Pulmonology, Graduate School of Medicine, Yokohama City University, 3-9
Fukuura Kanazawa, Yokohama 236-0004, Japan. 8Institute for Biomedical
Sciences, Shinshu University, 8304 Minamiminowa, Kamiina, Nagano


dx.doi.org/10.1186/s12865-017-0227-7
dx.doi.org/10.1186/s12865-017-0227-7
dx.doi.org/10.1186/s12865-017-0227-7

Nigar et al. BMC Immunology (2017) 18:44

399-4598, Japan. “Research Center for Fungal and Microbial Dynamism,
Shinshu University, 8304 Minamiminowa, Kamiina, Nagano 399-4598, Japan.

Received: 19 December 2016 Accepted: 21 September 2017
Published online: 04 October 2017

References

1.

2.

20.

21.

22.

Krieg AM. CpG motifs in bacterial DNA and their immune effects. Annu Rev
Immunol. 2002;20:709-60.

Weiner GJ. CpG oligodeoxynucleotide-based therapy of lymphoid malignancies.
Adv Drug Deliv Rev. 2009,61(3):263-7.

Bird AP. Does DNA methylation control transposition of selfish elements in
the germline? Trends Genet. 1987;3:342-7.

Gilkeson GS, Grudier JP, Karounos DG, Pisetsky DS. Induction of anti-double
stranded DNA antibodies in normal mice by immunization with bacterial
DNA. J Immunol. 1989;142:1482-6.

Messina JP, Gilkeson GS, Pisetsky DS. Stimulation of in vitro murine
lymphocyte proliferation by bacterial DNA. J Immunol. 1991;147:1759-64.
Klinman DM, Gursel |, Klaschik S, Dong L, Currie D, Shirota H. Therapeutic
potential of oligonucleotides expressing immunosuppressive TTAGGG
motifs. Ann N'Y Acad Sci. 2005 Nov;1058:87-95.

Cowdery JS, Chace JH, Yi AK, Krieg AM. Bacterial DNA induces NK cells to
produce IFN gamma in vivo and increases the toxicity of lipopolysaccharides.
J Immunol. 1996;156:4570-5.

Sparwasser T, Koch ES, Vabulas RM, Heeg K, Lipford GB, Ellwart JW, Wagne
RH. Bacterial DNAand immunostimulatory CpG oligonucleotides trigger
mat-uration and activation of murine dendritic cells. Eur J Immunol. 1998;
28:2045-54.

Stacey JK, Sweet MJ, Hume DA. Macrophages ingest and are activated by
bacterial DNA. J Immunol. 1996;157:2116-22.

Weeratna RD, McCluskie MJ, Xu Y and Davis HL. CpG DNA induces stronger
immune responses with less toxicity than other adjuvants. Vaccine. 2000;18:
1755-62.

Sun S, Zhang X, Tough DF, Sprent J. Type | interferon-mediated stimulation
of T cells by CpG DNA. J Exp Med. 1998;188(12):2335-42.

Stacey KJ, Sweet MJ, Hume DA. Macrophages ingest and are activated by
bacterial DNA. J Immunol. 1996;157(5):2116-22.

lliev ID, Kitazawa H, Shimosato T, Katoh S, Morita H, He F, Hosoda M, Saito T.
Strong immunostimulation in murine immune cells by Lactobacillus
rhamnosus GG DNA containing novel oligodeoxynucleotide pattern. Cell
Microbiol. 2005;7(3):403-14.

lliev ID, Tohno M, Kurosaki D, Shimosato T, He F, Hosoda M, Saito T, Kitazawa
H. Immunostimulatory oligodeoxynucleotide containing TTTCGTTT motif from
Lactobacillus rhamnosus GG DNA potentially suppresses OVA-specific IgE
production in mice. Scand J Immunol. 2008,67(4):370-6.

Stallmach A, Marth T, Weib B, Hombach A, Schmidt C, Neurath M, Zeitz M,
Zeuzem S. An interleukin 12p40-IgG2b fusion protein abrogates T cell
mediated inflammation: anti-inflammatory activity in Crohn'’s disease and
experimental colitis in vivo. Gut. 2004;53(3):339-45.

Hart AL, Al-hassi HO, Rigby RJ, Bell SJ, Emmanuel AV, Knight SC, Kamm MA,
Stagg AJ. Characteristics of intestinal dendritic cells in inflammatory bowel
disease. Gastroenterol. 2005;129:50-65.

Kamada N, Hisamatsu T, Okamoto S, Sato T, Matsuoka K, Arai K, Nakai T,
Hasegawa A, Inoue N, Watanabe N, Akagawa KS, Hibi T. Abnormally
differentiated subsets of intestinal macrophage play a key role in Th1-
dominant chronic colitis through excess production of IL-12 and IL-23 in
response to bacteria. J Immunol. 2005;175:6900-8.

Fuss 1J, Becker C, Yang Z, Groden C, Hornung RL, Heller F, Neurath MF,
Strober W, Mannon PJ. Both IL-12p70 and IL-23 are synthesized during
active Crohn's disease and are down-regulated by treatment with anti-IL-
12p40 monoclonal antibody. Inflamm Bowel Dis. 2006;12(1):9-15.

Krieg AM, Yi AK, Matson S, Waldschmidt TJ, Bishop GA, Teasdale R, Koretzky
GA, Klinman DM. CpG motifs in bacterial DNA trigger direct B-cell activation.
Nature. 1995;374:546-9.

Razin A, Friedman J. DNA methylation and its possible biological roles. Prog
Nucleic Acid Res Mol Biol. 1981;25:33-52.

Cardon LR, Burge C, Clayton DA, Karlin S. Pervasive CpG suppression in
animal mitochodrial genomes. Proc Natl Acad Sci U S A. 1994;91:3799-803.
Klinman DM, Yi AK, Beaucage SL, Conover J, Krieg AM. CpG motifs present in
bacteria DNA rapidly induce lymphocytes to secrete interleukin 6, interleukin
12 and interferon gamma. Proc Natl Acad Sci U S A. 1996,93:2879-83.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

Page 8 of 9

Kishimoto T. Interleukin-6: from basic science to medicine-40 years in immunology.
Ann Rev Immunol. 2005,23:1-21.

Mima T, Nishimoto N. Clinical values of blocking IL-6 receptor. Curr Opin
Rheumatol. 2009;21(3):224-30.

Jahrsdorfer B, Weiner GJ. CpG oligodeoxynucleotides for immune stimulation
in cancer immunotherapy. Curr Opin Investig Drugs. 2003;4(6):686-90.
Carpentier AF, Auf G, Delattre JY. CpG-oligonucleotides for cancer
immunotherapy: review of the literature and potential applications in
malignant glioma. Front Biosci. 2003;8:115-27.

Sato T, Yamamoto M, Shimosato T, Klinman DM. Accelerated Wound
Healing Mediated by Activation of Toll-like Receptor 9. Wound Repair
Regen. 2010;18(6):586-93.

Klaschik S, Gursel |, Klinman DM. CpG-mediated changes in gene expression
in murine spleen cells identified by microarray analysis. Mol Immunol. 2007;
44(6):1095-104.

Ballas ZK, Kreig AM, Warren T, Rasmussen W, Davis HL, Waldschmidt M, Weiner
GJ. Divergent Therapeutic and Immunologic Effects of Oligodeoxynucleotides
with distinct CpG motifs. J Immunol. 2001;167:4878-86.

Marshall JD, Fearon KL, Higgins D, Hessel EM, Kanzler H, Abbate C, Yee PGJ,
Cruz TD, Lizcano JO, Zolotorev A, HM MC, Brasky KM, Murthy KK, Coffman
RL, Nest GV. Superior activity of the type C class of ISS in vitro and in vivo
across multiple species. DNA Cell Biol. 2005;24(2):63-72.

Shimosato T, Tohne M, Sato T, Nishimura J, Kawai Y, Saito T, Kitazawa H.
Identification of potent immunostimulary oligodeoxynucleotide from
Steptococcus thermophilus lacZ. Anim Sci J. 2009;80:597-604.

Ito Y, Shiogemori S, Sato T, Shimazu T, Hatano K, Otani H, Kitazawa H,
Shimosato T. Class I/1l hybrid inhibitory oligodeoxynucleotide exerts Th1
and Th2 double immunosuppression. FEBS Open Bio. 2013;3:41-5.

Wang Y, Yamamoto Y, Shigemori S, Watanabe T, Oshiro K, Wang P, Sato T,
Yonekura S, Tanaka S, Kitazawa H, Shimosato T. Inhibitory/Suppressive
Oligodeoxynucleotide Nanocapsules as Simplle Oral Delivery Devices for
Preventing Atopic Dermatitis in mice. Mol Ther. 2015;23(2):297-309.

Katoh S, Kitazawa H, Shimosato T, Tohno M, Kawai Y, Saito T. Cloning and
characterization of swine interleukin-17, preferentially expressed in the
intestines. J Interf Cytokine Res. 2004;24:553-5.

Shimosato T, Fujimoto M, Tohne M, Sato T, Tateo M, Otani H, Kitazawa H.
CpG oligodeoxynucleotides induce strong up-regulation of interleukin 33
via Toll-like receptor 9. Biochem Biophys Res Commun. 2010;394:81-6.
Shigemori S, Yonekura S, Sato T, Nakanishi M, Otani H, Shimosato T.
Expression of a biological active GFP-as;-casin fusion protein in Lactococcuc lactis.
Curr Micribiol. 2012,64(6):569-75.

Wanger M, Poeck H, Jahrsdoerfer B, Rothenfusser S, Prell D, Bohle B, Tuma E,
Giese T, Ellwart JW, Endres S, Hartmann G. ll-12p70-dependent Th1
induction by human B cells requires combined activation with CD40 ligand
and CpG DNA. J Immunol. 2004;172:954-63.

Collins LE, DeCourcey J, Rochfort KD, Kristek M, Loscher CE. A role for
syntaxin 3 in the secretion of IL-6 from dendritic cells following activation
of toll-like receptors. Front Immunol. 2015;5:691.

Tosato G, Seamon KB, Sehgal PB GND, May LT, Washington GC, Jones KD,
Pike SE. Monocyte-derived human B-cell growth factor identified as
interferon-beta-2 (BSF-2, IL-6). Science. 1988;239(4839):502-4.

Minges Wols HA, Underhill GH, Kansas GS, Witte PL. The role of bone marrow-
derived stromal cells in the maintenance of plasma cell longevity. J Immunol.
2002;169(8):4213-21.

Kopt M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T,
Zinkernagel R, Bluethmann H, Kohler G. Impaired immune and acute-phase
responses in interleukin-6-deficient mice. Nature. 1994;368(6469):339-42.
Yamamoto M, Yoshizaki K, Kishimoto T. Ito H. IL-6 is required for the development
of Th-1cell mediated murine colitis. J Immunol. 2000;164:4878-82.

Atreya R, Mudter J, Finotto S, Jostock T, Wirtz S, Schiitz M, Bartsch B,
Holtmann M, Becker C, Strand D, Czaja J, Schlaak JF, Lehr HA, Autschbach F,
Schirmann G, Nishimoto N, Yoshizaki K, Ito H, Kishimoto T, Galle PR, Rose-John
S, Neurath MF. Blockade of interleukin 6 trans signalling suppresses T-cell
resistance against apoptosis in chronic intestinal inflammation: evidence in
Crohn's disease and experimental colitis in vivo. Nat Med. 2000,6(5):583-8.
Ulevitch RJ, Tobias PS. Receptor-dependent mechanisms of by bacterial
endotoxins. Annu Rev Immunol. 1995;13:437-57.

Troys JK, Jil MM, Thomas SG. Human B cells express functional TRAIL/Apo-2 Ligand
after CpG-containing oligodeoxynudleotide stimulation. J Immunol. 2004;173:392-9.
Yamamoto Y, Shigemori S, Nigar S, Oshiro K, Wang Y, Sato T, Shimosato T.
Development of a simple IgE-independent anaphylactic model using



Nigar et al. BMC Immunology (2017) 18:44

47.

48.

49.

buckwheat antigen and B-type CpG oligodeoxynucleotide from
Streptococcus thermophilus. Anim Sci J. 2016;87(5):710-7.

Pozo AL, Godfrey EM, Bowles KM. Splenomegaly: investigation, diagnosis
and management. Blood Rev. 2009;23:105-11.

Delano MJ, Scumpia PO, Weinstein JS, et al. MyD88-dependent expression
of an immune GR-1 (+) CD11b (+) population induces T cell suppression
and Th2 polarization in sepsis. J Exp Med. 2007;204:1463-74.

Osler W, Remarks ON. The functions of an out-patient department: made at
the opening of new out-patient department. Cardiff infirmary Br Med J.
1908;1(2477):1470-1.

Page 9 of 9

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	ODNs
	Cells and cell culture
	qPCR analysis
	Wash-out assay
	Cytokine quantification
	Intracellular staining
	In vivo study
	Statistical analysis

	Results
	Immune synergistic activity of LGG ODN and expression of IL-6 mRNA by murine immune cells
	Induction of IL-6 production by exposure to low-concentration iSN34
	Enhancement of the IL-6+ subpopulation in murine splenocytes
	Effect of i.p. injection of iSN34 + CpG

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

