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Immunological effects of different types of
synthetic CpG oligodeoxynucleotides on
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The agonists of toll-like receptor 9, synthetic oligodeoxynucleotides (ODNs) containing CpG sequences,
stimulate innate and adaptive immune responses in humans and a variety of animal species. The aim of
this study was to evaluate the immunomodulatory effects of four types of CpG ODNs as potential
porcine vaccine adjuvants. In this study, four classes of swine CpG ODNs with distinct structural and
biological properties were designed. Their abilities to trigger the expression of TLRs, antigen-presenting
molecules and cytokines and to induce antiviral effects were determined in three different types of
porcine cells (IPEC-J2, peripheral blood mononuclear cells (PBMCs), and 3D4/21). Our results showed
that the four CpG ODNSs triggered various types of molecular expression changed at the level of
transcription. They activated the cytosolic antivirus TLRs at different levels, altered the mRNA expression
of antigen-presenting molecules and intracellular signal transduction molecules, and triggered mRNA of
cytokine production in a CpG type-specific and cell-specific manner at CpG ODNSs, with the exception
of type D, significantly increased IFN-a, IFN-B and TNF-a production and induced efficient anti-viral
effects in IPEC-J2 cells but had little effect on MHC | expression. The designed CpG ODNSs are useful for
promoting early innate immunity and mucosal immunity and may also be promising adjuvant candidates

Received 22nd April 2017
Accepted 29th August 2017

DOI: 10.1039/c7ra04493c

Open Access Article. Published on 07 September 2017. Downloaded on 12/4/2025 11:57:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Immune adjuvants are molecules, compounds or macromo-
lecular complexes that can enhance the antigen response.' Most
adjuvants can assistant the antigen response through initiating
the innate immune system.”> Active protection is mediated by
the innate and adaptive immune systems.® The innate immune
system senses pathogen-associated molecular patterns (PAMPs)
that are expressed by a wide variety of infectious microorgan-
isms through pattern recognition receptors (PRRs), which
trigger the activation of antipathogenic defenses and stimulate
the adaptive immune response.*® Several classes of PRRs have
been identified and characterized. These PRR classes include
toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (Nod)-like receptor (TLR), leucine-rich repeat-
containing receptors (NLRs), RIG-Illike receptors (RLRs),
C-type lectin receptors (CLRs) and AIM-2 like receptor and
intracellular sensors of nucleic acids such as OAS proteins and
cGAS.*® Live-attenuated vaccines and some inactivated whole-
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for the treatment of porcine infectious diseases.

pathogen vaccines contain a heterogeneous mixture of diverse
pathogen components with the exception of antigens, and they
successfully activate the immune system, including the innate
immune system.>'® However, due to a lack of PAMPs, highly
purified vaccines, such as vaccines containing recombinant
protein or DNA, do not effectively activate the initial innate
immune response, which results in an ineffective activation of
the downstream adaptive response.®'** Accordingly, adjuvants
are added to restore or improve immunogenicity to antigens
with the objective of not altering tolerability.*

The agonists of toll-like receptor 9, synthetic oligodeox-
ynucleotides (ODNs) containing CpG sequences, are recognized
as a “danger” signal by the mammalian immune system.'*'* As
a consequence, CpG ODNs stimulate both innate and adaptive
immune responses in humans and a variety of animal species.”
To date, four classes of synthetic CpG ODNs have been
described, and each class has distinct structural and biological
properties.'*° D-Type ODNs (also referred to as A type), which
is constructed of a mixed phosphodiester/phosphorothioate
backbone, contain a single CpG motif flanked by palindromic
sequences. Another distinctive characteristic is the polyG tails
at the 3’- and 5-ends."” The D-type ODNs stimulate peripheral
blood mononuclear cells (PBMCs), which secrete IFN-o. and IFN-
B and promote maturation and IFN-o secretion of pDCs'®** but
have no influence on B cells.”> K-Type ODNs, also referred to as
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B type, contain multiple CpG motifs and compared with D-Type
ODNs, all the phosphodiester backbones are replaced with
phosphorothioate backbones to enhance resistance to nuclease
digestion.*** K-Type ODNs trigger pDCs to differentiate and
produce TNF-o. and trigger B cells to proliferate and secrete
IgM.* C-Type ODNs, which contain the beneficial features of
both D and K classes, are composed entirely of phosphor-
orthioate nucleotides similar to K-type ODNs. C-Type ODNs
contains palindromic CpG motifs, which allow this ODN class
to stimulate B cells to secrete IL-6 and pDCs to produce IFN-
a.**'* P-Type ODNs contain two palindromic sequences and can
form multimeric units to create higher order structures. The
type I interferon-inducing potency and efficacy of the double-
palindromic P-type ODNs are substantially higher than those
of C-type ODNs. P-Type ODNs also stimulate superior cytokine
production upon in vivo application.’® The different mecha-
nisms of the classes of CpG ODNs have not been well charac-
terized. Some researchers have declared that the nature of the
pDC response is determined by the higher order structure and
endosomal location of the CpG oligonucleotides. The distinct
activities of K-type versus D-type ODNs have been traced to the
retention time of CpG TLR-9 complexes in the endosomes of
pDCs. Multimeric D-type ODNs together with the MyD88-IRF7
complex are retained for longer periods in the transferrin
receptor (TfR)-positive endosome vesicles than the K-type ODNs
and trigger a signaling cascade that supports IFN-a production.
Whereas monomeric K-type ODNs are rapidly transported
through (TfR)-positive endosomes into lysosome-associated
membrane protein (LAMP)-1-positive endosomes, which
promotes the maturation of PDCs. C-Type sequences are local-
ized to both type of endosomes, which consequently induce
both IFN-o. and maturation of PDCs.***” CpG ODNs are recog-
nized by both protomers in the dimer, in particular by the
amino-terminal fragment (LRRNT-LRR10) from one protomer
and the carboxy-terminal fragment (LRR20-LRR22) from the
other.”®

Species- and sequence-specific recognition differences have
been demonstrated for TLR9 receptors.” However, the majority
of publications regarding the four types of CpG ODNs and the
use of CpG-motifs are based on rodent models. Almost no
information is available for the relationship between the effects
of CpG ODNs on the native immune system and the different
ODN structures in livestock or domestic animals such as cattle,
pigs, horses and poultry.** CpG ODNs possess the capacity to
enhance innate and adaptive immune responses; thus, we
regard CpG ODN s as a promising component in adjuvants for
veterinary vaccines in animal husbandry. On the basis of
previous research, we know that the ATCGAT hexamer at the
core of ODNGs is optimal for stimulating porcine PBMCs, and the
palindrome created by this hexamer is critical to ODN activity.**
Therefore, we designed four synthetic oligodeoxynucleotide
sequences in accordance with each characteristic of the
abovementioned four classes of ODNs, and all of them con-
tained the ATCGAT hexamer. The aim of this study is to evaluate
the immunomodulatory effects of four CpG as potential porcine
vaccine adjuvants. We simulated the 3D structure of the four
classes of ODNs using Chem 3D to investigate the relationship
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between the structure and performance of the four classes of
ODNs.

2. Materials and methods
2.1 Oligodeoxynucleotide synthesis

The D-type ODNs have been shown to have the earliest immu-
nization function.** The remaining ODNs were designed in
accordance with that feature. All four of the oligodeoxynucleo-
tide sequences contain at least one unmethylated CpG dinu-
cleotide of the optimal sequence ATCGAT (Fig. 1). The K-type
contains two ATCGAT motifs with a phosphorothioate back-
bone, and the C-type contains four CpG units with the exception
of the TCG unit at the 5'-terminal with only one ATCGAT motif
and a single palindrome embedded in the sequence. The P-type
contains six CpG units with only one ATCGAT motif and two
palindromes embedded in the sequence (Table 1). All ODNs
were synthesized by GENEWIZ®. The 3D structure of all
CpG ODN were simulated by ChemDraw 15.0 software
(CambridgeSoft, V15.0.0.106), and all structures were displayed
in minimum energy state (Table 2).

2.2 Preparation of cells

Large white pigs were maintained at the Tianjin Institute of
Experimental Animal Center in China. The approval number
from the Tianjin government authority for the use of animals in
experiments is SYXK-Jin 2011-0008. All animal experiments
were performed in 6 week-old pigs in compliance with the
Tianjin University Institutional Animal Care and Use
Committee regulations (TJIACUC), state, and national guide-
lines. PBMCs were collected with heparin-containing anti-
coagulation tubes from healthy large white pigs, and the PBMCs
were separated as previously described.*” PAM cells that were
used in one independent experiment were obtained by bron-
choalveolar lavage after necropsy.*® The cells were washed three
times in RPMI 1640 supplemented with 2% FBS and were then
incubated in RPMI 1640 with 10% FBS at 37 °C in a 5% CO, in
an incubator. IPEC-J2 cells (porcine intestinal epithelial cell)
and porcine alveolar macrophage cells (3D4/21) were incubated

Palindrome

D [ NP ~~-{— NTP — CpG F—| NTP ~]----
K [NTP -s— CpG Fs-[NTP s~ CpG f5-{NTP -5~ CpG

-—&-{- NTP |~5— CpG |5~/ NTP .-j—s-- NTP |

Palindrome

n

P | NTP -s{ NTP ~$— CpG r§- NITP —}{- NTP ~S— CpG S- NTP i-s--‘
o R - Paundrome’l ' )
Fig. 1 The structural and property of four classes synthetic CpG
ODNs. D-Type has a single CpG motif flanked by palindromic
sequences and contains a polyG tail at 3’-terminal with mixed phos-
phodiester/phosphorothioate backbone; K-type with phosphor-
othioate backbone contains multiple CpG motifs and 5’-terminal motif
most stimulatory; C-type contains multiple CpG motifs imbedded in
a central palindrome and TCG dimer at 5'-terminal with phosphor-
othioate backbone; P-type contains multiple CpG motifs with phos-
phorothioate backbone and two palindromes.

Palindrome 2
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Table 1 Four classes of synthetic CoG ODN sequences in this study * phosphorothioate backbone; CpG motif marked with underline

Types Sequence (5'-3') Modifies number
CpG D G*GTGCATCG ATGCAGG*G*G*G*G 1
CpG K T*G*CHA¥T*C*G *A*T*T*G*C*A*T*C*G *A*T*G*C 2
CpG C T*C*_G*T*C*_G*A*T*C*_G*A*T*%*A*%*T*T*G*A*T 5
CpG P T*C*A*T*C*G *A*T*G*A*T*T*C*G *G*C*G *C*G *C*G *C*C*G 6
Non-CG CAGCCTTCTTGCCAATAGCC 0

Table 2 Energy analysis of four classes CpG ODNs

Types Stretch Bend Stretch-bend Torsion Non-1,4 VDW 1,4 VDW Dipole/dipole Total energy (kcal mol™ ")
CpG D 30.362 462.9365 —0.7032 613.0337 —255.9804 259.0518 —302.5947 806.1057

CpG K 37.1046 384.6596 —2.0501 296.2335 —225.9389 292.0475 —227.5121 554.54401

CpG C 45.9453 468.5275 —6.4705 315.9276 —224.8503 323.3768 —273.5019 648.9545

CpG P 47.8179 506.8061 —5.6828 353.4175 —265.7135 354.865 —290.3626 701.1475

in high glucose DMEM with 10% FBS at 37 °C in a 5% CO, in an
incubator.

2.3 Stimulation of cells and statistical analysis

For the analysis of TLRs, cytokines and interferon mRNA
levels, 0.5 x 10° cells were stimulated with ODNs and poly(I:C)
to a final concentration 10 pg ml™" for 24 h in 6-well cell
culture plates. The cells were harvested from cultures and
immediately homogenized in 1 ml of Bizol reagent (Biomiga,
America). RNA was purified from the pellet and transcribed
into ¢cDNA using a TransGen Biotech TransScript First-Strand
cDNA Synthesis Super Mix and oligodT;g as recommended
by the manufacturer (Transgen Biotech, China). The reaction
mix was incubated at 42 °C for 30 min followed by heating for
5 min at 85 °C to activate the reverse transcriptase. This cDNA
(final volume 20 pl) was diluted 50 times and was amplified
and quantified via real-time quantitative PCR using an Eva-
Green 2x PCR MasterMix kit produced by abm® (ABM,
Canada). The reaction mixture consists of a master Mix-R
containing Taq polymerase, dNTPs, MgCl,, fluorescent dye
(detection), reference dye and proprietary buffer components,
0.4 uM of each primer and 2 pl of template cDNA in total
volume of 20 pl. The subsequent steps included an initial
denaturation for 10 min at 95 °C, followed by 45 cycles of
denaturation for 15 s at 94 °C, annealing for 30 s at 56 °C and
extension for 30 s at 68 °C. Confirmation of the specificity of
the PCR-products was performed by subjecting these products
to a melting curve analysis. The primers were designed from
published nucleic acid sequences available from the GenBank
databases using the program oligo7, as showed in Table 3. In
all cases, the primer pairs that were selected spanned introns.
All primers were synthesized at GENEWIZ®. Q-PCR was per-
formed on an Applied Biosystems ABI 7500 as recommended
by the manufacturer. For each sample, the B-actin gene was
amplified and used as an internal control. Specific amplifica-
tion was confirmed by sequencing the PCR products. The
threshold cycle for the target genes and the difference between

This journal is © The Royal Society of Chemistry 2017

their C, values (AC,) were determined. The relative transcript
levels of the target gene are equal to the 27**% threshold
method. The data represent the fold increase in the mRNA
levels. The data are expressed as the mean + SEM of three
independent experiments. Calculations were performed with
GraphPad Prism 6 (GraphPad Software Inc.) analysis software.
Differences between the CpG and poly(I:C) stimulated groups
in mRNA expression and the non-CG stimulated group were
analyzed for statistical significance with unpaired two-tailed
Student's ¢ test. P < 0.05 was considered statistically
significant.

2.4 Immunoblot analysis

Cells treated with different CpG ODN were lysed in RIPA buffer
(Cell Signaling Technology, Danvers MA, USA) in the presence
of protease inhibitor cocktail (Roche, Basel, Switzerland). Lysed
material was clarified by centrifugation at 12 000g for 10 min at
4 °C. Clarified extracts representing 2 x 10° cells per lane were
fractionated on a 12% SDS-PAGE gel and transferred to a poly-
vinylidene difluoride membrane using a transfer apparatus
according to the manufacturer's protocol (Bio-Rad, Hercules,
CA, USA). Membranes were blocked for 1 h with 5% nonfat milk
in TBST (10 mM Tris, pH 8.0, 150 mM NaCl abd 0.5% Tween 20).
Membranes were washed 1x in TBST, and incubated with anti-
B-actin (1 : 1000 dilution, TRANSGEN Co., China), anti-MyD88-
rabbit polyclonal antibody (1 :2000 dilution, IMMUNOWAY,
USA), anti-NF-kB-rabbit polyclonal antibody (1 : 2000 dilution,
Santa Biotechnology), and anti-IRF3-rabbit polyclonal antibody
(1 : 2000 dilution, IMMUNOWAY) for 18 h at 4 °C. Membranes
were washed three times with TBST and were incubated with
a 1:2000 dilution of horseradish peroxidase-conjugated poly-
clonal goat antibody to rabbit (TIANGEN Co., China) or the goat
anti-mouse IgG(H + L) HRP conjugate (TIANGEN Co. China) for
1 h at RT. Membranes were washed three times with TBST,
developed with the ECL system (Amersham Biosciences) and
visualized on a ChemiDoc imaging system (Bio-Rad, Hercules,
USA) per the manufacturer's protocols.

RSC Aadv., 2017, 7, 43289-43299 | 43291
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Table 3 Primers for relative FQ-PCR of immune related molecules

Genes Genbank Primers (5'-3') Products/bp Tm/°C

TLR3 AB258451 F-CTTTTCCTTTCAATGGCTAA 183 49.1
R-AGAGGAGAATCAGCGAGTG

TLR7 AB188301 F-GACGCCTTTGTTATCTACT 242 52.5
R-TGGGCAATCTCATACTCA

TLRS8 AB092975 F-GCTGCCGTTGTTAGAAGT 406 52
R-CGGAAACTGCTGGAGTAATG

TLR9 NM213985 F-ACAATGACATCCATAGCCGAGT 103 57.9
R-TCTCCCTCAGCCCACATCCG

MyD88 AB292176.1 F-GATGGTAGCGGTTGTCTCTGAT 148 56.5
R-GATGCTGGGGAACTCTTTCTTC

NF-«B EU399817.1 F-GTGTGTAAAGAAGCGGGACCT 139 56.5
R-CACTGTCACCTGGAAGCAGAG

p38 XM001929490.1 F-CTTACGGATGACCCACGTTCAGT 127 56.5
R-GCTCACAGTCTTCATTCACAGC

IRF3 NM_213770 F-AGACGCTCACCACGCTACACC 136 61.3
R-CGTCCCGCGCCATGTCTACCAG

1L-1B M86725 F-TGTTCTGCATGAGCTTTGTG 358 55
R-TCTGGGTATGGCTTTCCTTAG

1L-2 FJ5431091 F-GCTGCTGGATTTACAGTTGC 194 53
R-TTGCTGAGTCAGAGTTTTTG

1L-4 HQ236500 F-CCAACCCTGGTCTGCTTACT 175 56
R-CTTCTCCGTCGTGTTCTCTG

IL-6 NM_214399 F-ACTGGCAGAAAACAACCTGA 173 54.6
R-CCTCGACATTTCCCTTATTGCT

IL-10 NM_214041 F-CCCCTTTGACAGCTAATATTCCG 146 52.8
R-TGCTTCTAGTTAAAACCGAGT

IL-12 p35 NM_213993 F-TCATGCCTTCAGAATTCGT 189 52.8
R-TATACCAGCTTAGATAGGACCA

IL-12 p40 NM_214013 F-CACTGGTACCTCTAGGCAAG 222 52.2
R-AGCAACCAGCAATTCTGACA

1L-17 KF646141 F-CACTCGGGCTGTATCAATGCT 178 56.6
R-AAATATGGCGGACGATGG

TNF-o NM_214022 F-GAGATCAACCTGCCCGACT 158 56
R-CTTTCTAAACCAGAAGGACGTG

IFN-a NM_214393 F-CACCTCAGCCAGGACAGAAG 225 59.9
R-TGAGGGGATCCAAAGTCCCT

IFN-3 NM_001003923 F-GCAGTATTGATTATCCACGAGA 121 52.8
R-TCTGCCCATCAAGTTCCAC

IFN-y NM_213948 F-AAGCTGATTAAAATTCCGGTA 112 50.6
R-TCTTCCGCTTTCTTAGGTT

MHC 1 KJ922760 F-CGGGTACAGACAGGACGCCTAC 183 60.1
R-AGGTATCTGCGGAGCGACTC

MHC II KJ922761 F-GCCCACAGTGACGGTGTATCCT 238 59.7
R-CACTCGGCAGCTGTAGACCTCT

CD86 AK231046 F-AAGGACAAGGGCTCATATC 291 51.3
R-TACATTGTAGAGTTCCGTGATG

B-Actin XM_003124280 F-CAAATGCTTCTAGGCGGACT 201 52

R-TGCTGTCACCTTCACCGTTC

2.5 VSV-GFP bioassay for IFN production

For the analysis of the production of IFN, 0.5 x 10° IPEC-]2 cells
were stimulated in vitro with ODNs, poly(I:C) and a non-CG
sequence (10 pug ml™") for 6 h in 12-well cell culture plates,
and the IPEC-]J2 cells were then infected with VSV-GFP virus at
0.1 MOI for 18 h.** GFP expression was assessed by fluorescence
microscopy. We recorded the quantity of green fluorescence in
different views from the same experimental group. By
comparing the amount of green fluorescence in the different
experiment groups, we assayed the ability of the four classes of
CpG ODNSs to alter the interferon production in the IPEC-]J2 cells.

43292 | RSC Adv., 2017, 7, 43289-43299

3. Results

3.1 3D structure simulation of synthetic CpG ODNs

The 3D structures of four synthetic CpG ODNs were simulated
using Chem 3D software, and the minimum energy state was
calculated by Chem 3D. As shown in Fig. 2, D-type CpG ODNs,
which is constructed with a mixed phosphodiester/
phosphorothioate backbone, has a polyG tail in the phosphor-
othioate backbone. CpG D contains just a single CpG motif
flanked by palindromic sequences. Compared with the other
three oligodeoxynucleotides, CpG D is at the maximum energy

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The 3D structures of different synthetic CpG oligodeox-
ynucleotides. (a) D-type; (b) K-type; (c) C-type; (d) P-type. The sulphur
and phosphorus atom were displayed as ball and stick model and other
parts display as sticks. In the ball and stick model, carbon atom were
shown in gray, hydrogen atom in white, nitrogen atom shown in blue,
oxygen atom in red, phosphorus atom in purple, sulphur in yellow.

level when the other ODN are at the minimum energy level. CpG
D, K and P contain more than one CpG motif; meanwhile, they
have a phosphorothioate backbone without phosphodiesters.
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CpG K contains a distortion structure at the 5-end, and there is
a CpG unit encircled by other nucleotides. CpG K is at a lower
minimum energy level than the other ODN. The structure of
CpG C and CpG P are displayed as a line, and they do not have
a polyG tail like CpG D or a distortion structure like CpG K. CpG
C and CpG P contain more than three CpG units, and most CpG
units are arranged continuously on the P-type oligodeox-
ynucleotides near the 3’ end.

3.2 Effect of CpG ODN treatment on the toll-like receptor
mRNA expression

The TLR mRNA expression levels after 24 h of ODN stimulation
showed a high variation among the three species of cells (Fig. 3).
The TLR9 mRNA expression in the IPEC-J2 cells was signifi-
cantly higher compared with the other groups, especially in the
D-type treatment group, and the TLR8 mRNA expression level
decreased in all cells (Fig. 3¢ and d). Beyond our expectations,
the K-type, C-type and P-type ODNs promoted mRNA expression
levels of TLR3 and TLR7 in the IPEC-]J2 cells (Fig. 3a and b).
However, the four types of ODNs did not stimulate TLR9 mRNA
expression in the PBMCs and 3D4/21 cells as efficiently as in the
IPEC-J2 cells.

3.3 Effect of CpG ODN on the TLR signaling molecule mRNA
expression

Toll-like receptor (TLR) agonists can promote the signaling
cascades for the activation of genes that mediate the inflam-
matory response. This signal involves a MyD88-dependent
pathway and MyD88-independent pathway.***® Most of the

1 Fekke
—_ Kok
T -

IPEC-J2
&8 PBMC
Bl 3D4/21

Fig. 3 The relative expression of toll-like receptor in different CpG treatment cells. In vivo mRNA-expression of TLR3, TLR7, TLR8 and TLR9, 24 h
after the stimulated with ODNs and poly(l:C) to a final concentration 10 ng ml~%. The data are expressed as the mean + SEM of three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student's t test).
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TLR family members, with the exception of TLR3, recruit the
adaptor protein MyD88 and thus initiate a MyD88-dependent
pathway, which involves the signal transduction intermediates
IRAKs, TRAF6, TAK1, TAB1 and TAB2. Ultimately activating the
two signaling pathways, one of the signaling pathways contains
the MAPK family members p38, JNK, and ERK, and the other
pathway involves the NF-kB transcription factor, which subse-
quently induces production of inflammatory cytokines.**” The
TLR3 signaling pathway is completely dependent on the protein
TIRF or TRAF3 and then recruits TRAF and TRAF6 and ulti-
mately induces NF-kB activation and IRF3 phosphoryla-
tion."*>** Therefore, we chose the key molecules, including
MyD88, NF-kB, p38 and IRF3, to explore the change of mRNA
expression that are triggered by the different types of ODNs. The
mRNA expression of MyD88 and NF-kB in the IPEC-]2 cells was
more efficient than in the PBMCs and 3D4/21 cells (Fig. 4).
Specifically, all the CpG ODNs more strongly activated the
MyD88 and NF-kB mRNA expression than the p38 mRNA
expression, especially in the K-type and P-type ODN groups. We
detected an elevation in the p38 mRNA expression level trig-
gered by D-type ODNs and K-type ODNs in the PBMCs (Fig. 4c).
The D-type and K-type CpG ODNs more strongly activated the
P38 mRNA expression in the PBMCs than in the IPEC-J2. We did
not detect elevated IRF3 mRNA expression levels among any of
the three cell types, with the exception of a lower expression in
3D4/21 cells treated by the K-type ODNs (Fig. 4d). Consequently,
CpG ODNs had the potency to influence the TLRs signal
pathway. The MyD88 and NF-kB mRNA expression was strongly
elevated in the IPEC-J2 cells. Three signal transduction
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molecules (MyD88, NFkB-p65, and IRF3) were detected to
understand the signal transduction pathway in different CpG
ODN treated IPEC-J2 cells. No IRF3 was detected in any CpG
treated IPEC-J2 cells. Compare to non-CpG treatment cells,
a rising MyD88 protein expression ratio in CpGD and CpGK
groups, and NFkB-p65 protein in CpGC and CpGP groups were
detected after 24 h CpG ODN treatment (Fig. 5), which revealed
a cross-signal transduction molecules maybe produced and
activated in different CpG treatment cells. To some degree, the
mRNA expression of p38 from MAPK family can be elevated by
D, K, and P-type ODNs in the PBMCs and IPEC-J2 cells. The
mRNA expression of molecules related on MyD88-independent
pathway cannot be efficiently triggered in any of the CpG ODNs
treatment cells.

3.4 Effect of ODNs on immune related molecules mRNA
expression

The sensing of agonists by PRRs expressed on antigen-
presenting cells leads to the activation of adaptive immune
responses.* Toll-like receptor agonists can promote a shift in
the immune response from the allergy-promoting Th2 response
towards a Th1 and/or regulatory response.*® The signal evoked
by diverse pathogenic infections along with T cell receptor
stimulation results in the differentiation of T helper lineages.
Naive T cells differentiate into Th1 subgroups that are regulated
by signals from interferons and IL-12. Meanwhile, Th1 cells
mainly secrete IFN-y to further promote the Th1 cell differen-
tiation. IL-4 is the master regulator for naive T cell differentia-
tion into Th2 subgroups with the essential helper IL-2 signaling
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three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student's t test).
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pathway, and Th2 cells mainly secrete IL-4 and promote their
own differentiation. Cytokines such as IL-6 and IL-23 promote
Th17 cell differentiation.** All T-helper cell groups can inhibit
the activation of the other groups using their own cytokines and
interleukins.”»** In this study, we attempted to explore the
different influences of the adaptive immune responses trig-
gered by different classes of CpG ODNs. We detected the mRNA
expression levels of IL2, IL-4, IL-6 and IL-12 in three types of
cells treated with four classes of CpG ODNs after 24 h. All CpG
ODNs effectively up-regulated IL-2 expression in the IPEC-J2
cells and significantly promoted IL-4 expression in PBMCs.
The four classes of CpG ODNs induced IL-2 expression in the
IPEC-J2 cells, and the P-type ODNSs especially evoked IL-2 mRNA
expression but not in the rest of the lineages (Fig. 6a). In
contrast, IL-4 mRNA was weakly expressed in the IPEC-]2 cells
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but strongly expressed in the PBMCs. Moreover, type D, K and P
ODNs also triggered a slight elevation in the IL-4 mRNA
expression levels (Fig. 6b). Consequently, the regulator of Th2
cells was up-regulated after treatment with all of the ODNs. IL-6
and IL-12 mRNAs were weakly expressed in most situations, but
IL-6 mRNA levels were slightly elevated in the 3D4/21 cells
treated with the K-type ODNs, and IL-12 mRNA levels were
slightly elevated in the 3D4/21 cells treated with the type D, C
and P ODNs (Fig. 6¢ and d).

3.5 Anti-viral effects of CpG ODN treatment on cells

To understand how the different classes of ODNs contribute to
the innate immune system, the mRNA expression levels of
interferons and tumor necrosis factor-o (TNFa) were also
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Fig.6 The relative expression of the interleukin in different CpG treatment cells. /n vivo mRNA-expression of IL-2, IL-4, IL-6, and IL-12, 24 h after

the stimulated with ODNs and poly(l:C) to a final concentration 10 pg
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed
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ml~t. The data are expressed as the mean + SEM of three independent
Student's t test).
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detected. We found that IFN-p was more upregulated than IFN-
o (Fig. 7a and b). Meanwhile, interferons were more intensely
up-regulated in the PBMCs treated with the K, C and P-type
ODNs than with the D-type ODNs. The IPEC-J2 cells hardly
expressed IFN-a. and IFN-B. However, the P-type ODNs stimu-
lated the expression levels of interferons in all cells, even in the
3D4/21 and IPEC-]J2 cells (Fig. 7a and b). In contrast, TNF-o was
highly up-regulated in the IPEC-J2 cells compared with the
other cell types (Fig. 7e). The IPEC-]2 cells, treated with the four
types of ODNSs, were inoculated with the VSV-GFP virus to
evaluate the type I IFN production. Then, the positive green
fluorescent cells were counted and compared with the poly(I:C)
group and the non-CpG ODN group. As shown in Fig. 6¢c and d,
the K, C and P-type CpG ODNs inhibited the VSV-GFP virus
proliferation well as the poly(I:C) treatment; however, the VSV-
GFP proliferation rates in the cells in the non-CpG and nega-
tive groups were unaffected.

3.6 Influence of ODNs on the antigen presentation
molecules

The impact of the different classes of ODNs on antigen
presentation molecules were investigated. With the exception of
the C-type ODNs, the other CpGs enhanced the MHC I mRNA

C
a
CpGD
z
S
]
3
CpGi K 4
£
©
2
w
CpG C
CpG P
poly(1:C)

FITC intensity

-
(=3
=]

non-CG modify

10

mock

o

'S

<«

N

& &S &
Qo <

View Article Online

Paper

expression in the 3D4/21 cells. The P-type ODNs elevated the
MHC I mRNA expression levels in both the 3D4/21 cells and
PBMCs (Fig. 8a). MHC I mRNA expression was only detected in
the IPEC-J2 cells treated with the K- and P-type ODNs (Fig. 8b).
Meanwhile, all four classes of the ODNs increased the CD86
mRNA expression levels in the 3D4/21 cells and PBMCs (Fig. 8c).

4. Discussion

There is a large amount of evidence demonstrating that the
synthetic oligodeoxynucleotides containing CpG sequences can
trigger the innate immunoreaction, such as significantly
increased intestinal mRNA expression of Th1 cytokines, CC
chemokines and CXC chemokines, and co-inhibitory receptor
programmed cell death-1 (PD-1),***¢ to protect the organism
against microorganism CpG motifs activate
mammalian lymphocytes and macrophages that produce cyto-
kines, including IFN-y, IL-12, TNF-o. and polyclonal Ig.*-** Some
CpG ODNs can also enhance Thl responses correlated with
enhanced CD," T cells used as an adjuvant for the PRV vaccine
and provided protection against TGEV and other viruses in

invasions.

pigs.***¢ Another study demonstrated that there was a distinc-
tion between class-A and class-B CpG ODNs admixed with or
incorporated into vaccine delivery vehicles, and encapsulation
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Fig.7 The relative expression of the interferon and anti-tumor necrosis factor in different CpG treatment cells. In vivo mRNA-expression of IFN-
a (a), IFN-B (b), and TNF-a (e), 24 h after the stimulated with ODNs and poly(l:C) to a final concentration 10 pg ml™2. (c) The VSV-GFP bioassay for
IFN production evaluation. The IPEC-J2 cells were stimulated with four classes of ODNs, non-CpG motif or poly(l:C) for 6 h, then the IPEC-J2
cells were inoculated with VSV-GFP virus at MOI of 0.1, the GFP expression was assessed by fluorescent microscopy at 18 h later; (d) the
fluorescence intensity of each group at five different view to record the quantity of GFP. The data are expressed as the mean + SEM of three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student's t test).
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Fig. 8 The relative expression of major histocompatibility complex and adhesion molecule in different CpG treatment cells. In vivo mRNA-
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as the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t test).

of the class-A CpG-ODNs strongly reduced the CpG-ODN uptake
and intracellular trafficking in the cytosol. In contrast, encap-
sulation of the class-B CpG-ODNs increased its uptake and did
not consistently influence intracellular trafficking into the
nucleus.®

On the basis of the previous study in humans and other
species, we concentrated on the biological functions of CpG
ODNs with different structures used for pigs. In our study, we
found four classes of ODNs with variable biological effects on
different cells. When the same cell line was treated with
different CpG ODNSs, a similar cellular transcription spectrum
tendency occurred, but the same molecule induced variable
mRNA expression levels. As shown in Fig. 9, most CpG triggered
higher expression of TLR9, MyD88, NF-kB, IL-2, TNF-o. mRNA in
the IPEC-J2 cells than in the other cell types. All CpG promoted
stronger CD86 mRNA expression in the PBMCs and 3D4/21
cells. Most CpG ODNs significantly promoted the mRNA
expression of CD86 and IL-4, which is beneficial for enhanced
recognition between APC (3D4/21 cells) and T cells and trigger
the regulation of the Th2 immune response in PBMCs. The
rising IL-2 mRNA levels in the IPEC-J2 cells promoted the acti-
vation of lymphocytes. Meanwhile, all of the CpG ODNs stim-
ulated mRNA of interferon production more effectively in the
PBMCs than in the IPEC-J2 cells, and a good anti-viral infection
effect was observed for type-K, C and P CpG ODNSs. Our results
indicate that the designed CpG ODNs may be useful to activate
the inflammatory response and to promote early innate
immunity and mucosal immunity; therefore, the CpG ODNs are
a promising adjuvant candidate for porcine infectious diseases.
The P-type ODNs, which contained the largest number of CpG
motifs, induced the strongest activation of the immune
responses in all three cell types. The P-type ODNs elevated the
mRNA expression levels of NF-kB, p38, IL-2, and TNF-a. more
than the other CpG ODNs. Similar to the P-type ODNSs, the K-
type ODNs performed efficiently in the three porcine cell
types, and it induced higher mRNA expression levels of MyD88,
IL-4, IL-6 and interferons than the other ODN. In this study, we
observed that the TLR9 pathway-related molecule mRNA

This journal is © The Royal Society of Chemistry 2017

expression level was strongly elevated in the IPEC-J2 cells,
especially related to the MyD88-dependent pathway, and we
found that CpG ODNs hardly triggered the mRNA expression of
IRF3, a marker of the MyD88-independent pathway. Therefore,
we speculated that CpG ODNs stimulated the innate immune
response via interaction with TLR9 and triggered the signaling
through the MyD88-dependent pathway. Owing the complex
signal activation of TLR pathway, including the MyD88-
dependent and MyD88-independent pathway, and the exis-
tence of multi-molecule cross-talk and cross-interference, the
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Fig. 9 The radar map displayed the average mRNA expression
immune molecules by three different porcine cells (IPEC-J2, PBMC
and 3D4/21) treated with four type class CpG. Regarding the mRNA
expression of the average as the indicator as red (IPEC-J2), blue
(PBMCs) and green (3D4/21). CpG ODN type of D, K, C, and P were
marked by solid line, dotted line, short dash, and break line,
respectively.
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expression of TLR signaling and transcription factors does not
equivalent to activation of special TLR is possible. Owing to the
impacts of CpG sequence, intracellular intake, and differentiate
signal transduction pathway, the expression of these signaling
and transcription factors does not fully equivalent to their
activation. Our result showed that variable signal transduction
molecules maybe produced or activated in different CpG treat-
ment cells, and a cross-talk and cross-interference exist in
intracellular signal pathways. It is necessary to investigate the
special mechanisms and related cross-adaptor molecule involve
in signal transduction caused by different CpG ODNs in detail.

All the CpG ODNs effectively stimulated CD86 mRNA
expression in macrophage cells. MHC I mRNA was highly
elevated in the 3D4/21 cells, and this result indicated that the D-
type ODNs containing the ATCGAT hexamer optimally stimu-
lated swine antigen-presenting cells. The CD86 molecule is
expressed on antigen-presenting cells that provided the cos-
timulatory signals necessary for T cell activation and survival,
and this result indicated that CpG ODNs efficiently promoted
antigen-presenting cell interactions with lymphocytes.
Furthermore, all the CpG ODNs significantly promoted the
CD86 and IL-4 mRNA expression levels in the PBMCs. The
regulator of Th2 cells was more strongly expressed than the
regulators of Thl and Th17 among all three cell types. The
regulators of Th2 cells acted in two ways; one way was through
elevated expression of IL-2 in the IPEC-J2 cells, and another way
was through elevated expression of IL-4 in the PBMCs.
This result indicated that CpG ODNs enhanced the activation of
Th2 cells.

TLR3 recognizes viral double-stranded RNA and its synthetic
analog polyriboinosinic poly(I:C), and TLR9 recognizes
synthetic oligodeoxynucleotides containing CpG sequences.
However, in our results, with the exception of the D-type ODNs,
the type K, C and P ODNs also triggered high TLR3 mRNA
transcription in the IPEC-J2 cells, and the D-type ODNs
promoted the highest levels of TLR9 mRNA. Different from the
other ODNs, the D-type consists of a mixed phosphodiester/
phosphorothioate backbone that contains only one CpG motif
but has the maximum inner energy. Perhaps the structure of the
D-type ODNs is most similar to the natural oligodeoxynucleo-
tides of bacteria and other microorganisms; it induced the TLR9
mRNA expression levels more intensely than the other ODNs in
the IPEC-J2 cells. The type K, C and P CpG ODNs contained
more than one CpG motif (2, 5, and 6, respectively), which
promoted the TLR3 mRNA level in the following order: type K >
P> C > D. In CpG C, 5 discontinuous CpG motifs arranged on
the oligodeoxynucleotides are ordered but a non-CG motif is
present at the 3’-terminal. The CpG K contain a distortion
structure at the 5’-end, 5 discontinuous CpG motifs encircled by
other nucleotides and have the minimum inner energy
compared to the others. In contrast, for CpG P, 6 CpG motifs
containing two palindromic sequences arranged continuously
at the 3'-terminal enable them to form multimeric units to form
a higher ordered structure. Because of the deficiency of the
phosphorothioate backbone, the TLR3 mRNA expression levels
were only weakly induced by the D-type ODNs. Our results

demonstrated that the CpG ODNs containing several
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discontinuous CpG motif and a lower inner energy at the 3’-end
is important to induce the transcription of the TLR3 mRNA.

In conclusion, the CpG ODNs containing different CpG
motifs regulate mRNA expression differently in vitro and
perform at variable efficiencies in different cells. Meanwhile,
the D-type ODNs triggered TLR9 most effectively, and the K-type
and P-type ODNs have a strong capacity to initiate the early
TLR3 immune response. Therefore, these CpG ODNs can be
used as immune adjuvants together or individually to trigger
appropriate vaccine responses.
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