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CpG-oligodeoxynucleotides (CpG-ODNs) have been shown to possess immunostimulatory features in both mammals
and birds. However, compared to their proinflammatory effects, little is known about the anti-inflammatory responses trig-
gered by CpG-ODN in avian cells. Hence, in this study, the anti-inflammatory response in the chicken macrophage cell line
HD11 was characterized under stimulation with five types of CpG-ODNs: CpG-A 555, CpG-Ap;ss, CpG-Bj 555, CpG-Bys, and
CpG-Cs39s. Single-stimulus of CpG-Bss5, CpG-Bys, or CpG-Cs395 induced interleukin (/L)-10 expression without caus-
ing cell injury. The effects of pretreatment with CpG-ODNs before subsequent lipopolysaccharide stimulation were also
evaluated. Interestingly, pretreatment with only CpG-C,395 resulted in high expression levels of /L-70 mRNA in the presence
of lipopolysaccharide. Finally, gene expression analysis of inflammation-related cytokines and receptors revealed that pre-
treatment with CpG-C,395 significantly reduced the mRNA expression of tumor necrosis factor-a, /L-15, IL-6, and Toll-like
receptor 4. Overall, these results shed light on the anti-inflammatory responses triggered by CpG-C,395 stimulation through
a comparative analysis of five types of CpG-ODNs in chicken macrophages. These results also offer insights into the use of
CpG-ODN:s to suppress the expression of proinflammatory cytokines, which may be valuable in the prevention of avian infec-

tious diseases in the poultry industry.
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INTRODUCTION

Macrophages contribute significantly to the host immune
response via phagocytosis, antigen presentation, and cytokine
secretion. Avian macrophages are dispersed throughout body
fluids and tissues (Klasing, 1998) and are therefore suitable for
regulating host immune responses throughout the body. Avian
macrophages challenged with pathogens or immunogens express
several proinflammatory cytokines, such as tumor necrosis factor
(TNF)-o, interleukin (IL)-1f, and IL-6, and induce immune and
inflammatory responses (Klasing, 1994). However, excessive ex-
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pression of proinflammatory cytokines results in severe disease.
For example, infection with the avian influenza virus inappro-
priately regulates the host’s immune system and rapidly induces
the expression of proinflammatory cytokines, such as IL-6 and
serum amyloid A (Burggraaf et al., 2014). In addition, chicken
enteritis is characterized by excessive expression of proinflam-
matory cytokines (Sun et al., 2022). Thus, regulation of inflam-
matory responses of avian macrophages is critical to prevent
avian infectious diseases in the poultry industry.

Macrophages produce IL-10, a major anti-inflammatory cy-
tokine. IL-10 reduces the inflammatory response triggered by
the stimulation of Borrelia burgorferi, a tick-borne spirochete,
in mammalian macrophages in an autocrine manner (Chung et
al., 2013). Recently, IL-10 has been shown to function as an
anti-inflammatory factor in chickens and mammals (Wu et al.,
2016). Moreover, enhanced IL-10 expression correlates with the
reduced expression of inflammatory cytokines in the chicken in-
testine and macrophages (Hu et al., 2021). Therefore, the induc-
tion of IL-10 in macrophages is a good strategy for the preven-
tion of avian diseases responsible for excessive proinflammatory
responses.
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Table 1. Nucleotide sequences of CpG-oligodeoxynucleotides (CpG-ODNs) used in this study

Classification Name Sequence (5" to 3")

Control GpCis12 G*C*T*A*G*A*G*C*T*T*A*G*G*C*T

Class A CpG-Ajsgs G*GGGTCAACGTTG A G*G*G*G*G*G

Class A CpG-Apss G*GTGCATCGATGCAGG G G*G*G

Class B CpG-Bisss G*C*T*A*G*A*C*G*T*T*A*G*C*G*T

Class B CpG-Bgs A¥T*CH*G*A¥CH¥T*CHFT*C*G*A*G*C*G*T*T*C*T*C

Class C CpG-Casos T*C*G*T*C*G*T*T*T*T*C*G*G*C*G*C*G*C*G*C*C*G

*Phosphorothioate bond

In this study, the anti-inflammatory features of CpG-oligo-
deoxynucleotides (CpG-ODNs) were examined as potential
regulators of immune responses. CpG-ODNs directly upregulate
cytokines in innate immune cells, such as macrophages (Krieg,
2002). Several studies have shown that CpG-ODNs activate in-
nate immune responses in chickens. For example, CpG-ODNs
induce inflammatory responses by increasing nitric oxide, IL-1J,
IL-6, and IL-12 levels in the chicken macrophage-like cell line
HDI11 (He et al., 2003; He and Kogut, 2003; Xie et al., 2003;
He et al., 2007; Han et al., 2010). In contrast, CpG-ODNs also
upregulate the anti-inflammatory response via IL-10 in mamma-
lian cells (Yi et al., 2002; Saraiva and O’Garra, 2010). However,
little is known about the anti-inflammatory response triggered
by CpG-ODNs in avian cells. Because the induction of IL-10
suppresses the expression of proinflammatory cytokines, CpG-
ODNSs may be valuable for disease prevention in the poultry in-
dustry.

CpG-ODNs are divided into three classes, A, B, and C, based
on their structural and biological characteristics (Krieg, 2006).
Most studies assessing the immunostimulatory features of CpG-
ODNSs against chicken macrophages have been conducted us-
ing several types of Class B CpG-ODNs (He et al., 2003; He
and Kogut, 2003; Xie et al., 2003; He et al., 2007; Han et al.,
2010). More recently, the immunostimulatory features of Class
A and C CpG-ODNs have also been assessed using CpG-Asgs,
CpG-Ass i, and CpG-Css9s (Ciraci and Lamont, 2011; Barjesteh
et al.,, 2014). Nevertheless, the anti-inflammatory response of
each class of CpG-ODNs in chicken macrophages has not been
characterized. Although He et al. (2012) have demonstrated that
co-stimulation with a Class B CpG-ODN and polyinosinic-poly-
cytidylic acid (poly I:C), a double-stranded RNA generally used
as a viral mimic, strongly induces IL-10 in chicken monocytes,
anti-inflammatory effects triggered by prophylactic use of CpG-
ODNs against subsequent inflammatory responses have not yet
been characterized. In the context of avian disease prevention,
basic knowledge of the anti-inflammatory response induced by
pretreatment with CpG-ODNss is very important.

Hence, in the present study, the effects of five different CpG-
ODNs, belonging to each of the three classes of CpG-ODNS,
on cell injury and /L-10-inducibility in HDI11 cells, which are
used to evaluate anti-inflammatory effects (Hu et al., 2021), were
compared. These effects were also investigated in HD11 cells

pretreated with CpG-ODN and then stimulated with lipopoly-
saccharide (LPS). Furthermore, the anti-inflammatory responses
triggered by CpG-Cys95 and the effects of CpG-Css95 pretreat-
ment before LPS stimulation on the expression of inflammation-
related genes were evaluated.

MATERIALS AND METHODS

Cell culture

HD11 cells were propagated and maintained in complete Dul-
becco’s modified Eagle’s medium (DMEM) (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% (v/v) fetal
calf serum at 37 °C under 5% CO, atmosphere. The cells were
subcultured every 3—4 days. HD11 cells were seeded into a 24-
well cell culture plate (Corning Inc., New York, NY, USA) at a
density of 1 x 10° cells/well in complete DMEM and cultured for
24 h at 37 °C in a humidified incubator supplied with 5% CO,.
The cells were harvested, the culture supernatant was removed
by aspiration, and then the cells were washed once with phos-
phate-buffered saline (PBS) and used for further experiments.
Treatments of HD11 cells with CpG-ODN and LPS

Endotoxin-free desalted phosphorothioate-ODN (PS-ODN)
was synthesized by GeneDesign, Inc. (Osaka, Japan). PS-ODN
was reconstituted in PBS and passed through a 0.22 pm pore
microfilter (Nihon Millipore K.K., Tokyo, Japan). The ODN se-
quences, namely CpG-Asgs, CpG-Apss, CpG-Bisss, CpG-Bga,
CpG-Cy395, and GpCig, are presented in Table 1. CpG-Asg5 and
CpG-B 555 have been used in mice and mouse cells (Shimosato
et al., 2010; Yamamoto et al., 2017); CpG-Ap;5 and CpG-By;
have been used in human cells (Aoshi et al., 2015); and CpG-
C,395 have been used in mice and human cells (Roda et al., 2005;
Yamamoto et al., 2016). GpCj4;,, which does not include un-
methylated CpG dinucleotides that are important for CpG-ODN
activity, was used as a control (Yamamoto et al., 2017). LPS from
Escherichia coli O127:B8 was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Seeded HD11 cells were incubated with 3 uM CpG-ODNs for
24 h and subjected to cell viability assays and quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) analysis. In
addition, HD11 cells incubated with 3 uM CpG-ODNs for 24 h
followed by stimulation with 500 ng/mL LPS for 2 h were also
assayed using the above methods.
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Table 2. Nucleotide sequences of primers used in quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Primer Sequence (5 to 3') Reference Annealing temperature (°C)
B-actin F ACCCCAAAGCCAACAGAGAG Ichikawa et al., 2021 60
B-actin R AACACCATCACCAGAGTCCATC
IL-10 F CGCTGTCACCGCTTCTTCA Lammers et al., 2010 66
IL-10R TCCCGTTCTCATCCATCTTCTC
TNFa F CGCTCAGAACGACGTCAA Rohde et al., 2018 60
TNFa R GTCGTCCACACCAACGAG
IL-6 F AAATCCCTCCTCGCCAATCT Zhao et al., 2018 60
IL-6 R CCCTCACGGTCTTCTCCATAAA
IL-1BF TGGGCATCAAGGGCTACA Lee et al., 2010 64
IL-1B R TCGGGTTGGTTGGTGATG
TLR4 F TCTTTCAAGGTGCCACATCCA Tang et al., 2021 64
TLR4 R AGCGACGTTAAGCCATGGAA

Cell viability assay Statistical analysis

The proportion of viable CpG-ODNs and LPS-treated cells
was observed using an inverted microscope 1X71 (Olympus,
Tokyo, Japan) and photographed using a DP70 camera (Olym-
pus). Cell viability was assessed using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay with some
modifications (Ito et al., 2013; Hattori et al., 2021). Briefly, 300
pL complete DMEM containing 0.5 mg/mL MTT was added to
cells after aspiration of medium, and the cells were incubated for
4 h at 37 °C. The cells were then washed with PBS to remove the
non-internalized MTT, and 300 puL of 40 mM hydrochloric acid-
isopropanol solution was added to lyse the cells to release the
MTT internalized by the viable cells. Next, 100 pL MTT solution
was transferred to a 96-well plate (Thermo Fisher Scientific), and
the MTT concentration was measured colorimetrically. The cell
viability was estimated as the viability of CpG-ODN- or CpG-
ODN plus LPS-treated cells relative to that of PBS-treated (con-
trol) cells by measuring the optical density at 570 nm. The effect
of actinomycin D, a cytotoxic reagent (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan), was also examined to con-
firm the proportion and viability of HD11 cells used in this study.
qRT-PCR analysis

Total RNA from cells treated with CpG-ODN and LPS was
purified using the FastGene RNA Premium Kit (Nippon Genetics
Co., Ltd., Tokyo, Japan). cDNA was prepared by reverse tran-
scription of 100 pg total RNA per sample using SuperScript [V
reverse transcriptase (Thermo Fisher Scientific). Equal volumes
of cDNA were used to quantify various immune response-related
cytokine factors by gqRT-PCR using the StepOne real-time PCR
system (Applied Biosystems, Foster City, CA, USA) and KOD
SYBR gqPCR Mix (Toyobo Co., Ltd., Osaka, Japan) with specific
primers. The nucleotide sequences of the primers that were used
are listed in Table 2. qRT-PCR was performed in duplicate. The
relative expression levels of each target gene were calculated us-
ing the AACt method (Livak and Schmittgen, 2001) and normal-
ized against J-actin expression.

Statistical analyses were performed using GraphPad Prism8
(GraphPad Software, Inc., San Diego, CA, USA). Data obtained
from the cell viability assay were analyzed using the Dunnett’s
test. Data obtained from qRT-PCR were analyzed using one-way
analysis of variance with the Tukey—Kramer post-hoc test.

RESULTS

Cell viability of HD11 cells treated with CpG-ODN under nor-
mal and inflammatory conditions

Whether the viability of HD11 cells was affected by CpG-
ODN was examined using an [X71 inverted microscope and an
MTT assay. Microscopic observations revealed that CpG-ODNs
treatment did not affect the proportion of viable HD11 cells under
normal conditions. However, actinomycin D treatment reduced
the proportion of viable cells under the same conditions (Figure
1A). The MTT assay revealed that treatment with CpG-Ajsgs,
CpG-B 555, CpG-Bks, and CpG-Cy395 significantly increased the
cell proliferation index compared to that obtained with treatment
with PBS alone (Figure 1B), thereby indicating their enhanced
mitogenic activity. Thus, it is likely that CpG-ODNs, except for
CpG-Ap;ss, enhance mitogenic activity in HD11 cells under nor-
mal conditions.

The same analyses were conducted using HD11 cells under
LPS-induced inflammatory conditions. To induce an inflamma-
tory response, HD11 cells were incubated with LPS for 2 h, as
described previously (Lian et al., 2012; Xu et al., 2013; Qi et
al., 2017). The proportion of viable cells did not change under
these conditions (Figure 1C). However, contrary to the results of
the MTT assay under normal conditions, pretreatment with CpG-
ODN did not change the cell proliferation index compared to that
obtained with treatment with LPS alone (Figure 1D). Therefore,
all CpG-ODNS s used in this study were non-toxic to HD11 cells
under both normal and inflammatory conditions.

Comparison of the effect of CpG-ODN on the induction of IL-
10 mRNA expression in HD11 cells
To screen for the CpG-ODN that strongly induces the expres-
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Evaluation of cell viability. (A, C) Cellular morphology of HD11 cells treated with oligodeoxynucleotides (ODN) (A) or

stimulated by lipopolysaccharide (LPS) after pretreatment with each ODN (C). Scale bars = 100 um. (B, D) Results of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay using HD11 cells treated with ODN (B) or stimulated by LPS after pre-
treatment with each ODN (D). Error bars indicate the standard error of the mean (SEM) of the cell proliferation index calculated from

three independent experiments (n = 3). Statistical significance was evaluated using the Dunnett’s test comparing HD11 cells treated
with phosphate-buffered saline (PBS) (B) or stimulated by LPS after pretreatment with PBS (D) (**P < 0.01). NS = not significant.

sion of anti-inflammatory cytokines in HD11 cells, the effects
of CpG-Ajsgs, CpG-Apss, CpG-Bisss, CpG-Bs, and CpG-Cyzos
on /L-10 mRNA expression were examined in HD11 cells under
normal and inflammatory conditions. Treatment with CpG-Bsss,
CpG-Bys, and CpG-Csz95 significantly induced /L-70 mRNA
expression compared to the induction achieved upon treatment
with other ODNs and the PBS control under normal conditions,
with the highest induction obtained with CpG-C,3¢5 (Figure 2A).
In addition, pretreatment with CpG-C,395 resulted in the highest
induction of /L-10 mRNA expression under LPS-induced inflam-
mation condition. However, similar results were not observed in
HDI11 cells pre-treated with CpG-Bss5 or CpG-Bgs plus LPS
(Figure 2B). Thus, CpG-Cy395 strongly induced /L-/0 mRNA ex-
pression in HD11 cells under both conditions. The role of CpG-

Cs395 as an effective inducer of IL-10 was further evaluated in
subsequent functional analyses, focusing on the regulation of
inflammatory responses.
Effects of CpG-Cy3gs treatment on LPS-induced inflammatory
responses in HD1I cells

Finally, the effects of CpG-C,;95 pretreatment on LPS-induced
inflammatory responses were evaluated, focusing on its effects
on the proinflammatory cytokines TNF-a, IL-1f, and IL-6. The
mRNA levels of TNF-o, IL-1f, and IL-6 remarkably increased
in cells treated with LPS, but were significantly inhibited by
CpG-Cy395 pretreatment. Additionally, the mRNA levels of LPS-
induced Toll-like receptor (TLR) 4, a pattern recognition recep-
tor that specifically recognizes LPS (Brownlie and Allan, 2011),
were significantly inhibited by CpG-Cy395 (Figure 3). These
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Fig. 2. Expression analysis of interleukin (IL)-10 using quantitative reverse transcription-polymerase chain reaction (QRT-PCR).
(A) Expression analysis of HD11 under single-stimulus conditions. (B) Expression analysis of HD11 stimulated by lipopolysaccharide
(LPS) after pretreatment with each oligodeoxynucleotide (ODN). The AACt method was used to calculate relative expression levels.
Levels of /L-10 mRNA were normalized to B-actin mRNA expression. Error bars indicate the standard error of the mean (SEM) of
relative expression levels for three independent experiments (n = 3). Statistical significance was evaluated using Tukey’s test. Different
letters represent significant differences (P < 0.05). PBS, phosphate-buffered saline.

results suggested that CpG-C,395 inhibited the LPS-induced in-
flammatory response in HD11 cells.

DISCUSSION

The main goal of this study was to characterize the anti-in-
flammatory features of CpG-ODNs in avian cells. Five CpG-
ODNs generally used in mammals were screened and it was ob-
served that prophylactic use of CpG-Cj395 strongly induced an
anti-inflammatory response in HD11 cells upon subsequent LPS
stimulation. To the best of our knowledge, this is the first study
to elucidate the anti-inflammatory responses of chicken macro-
phages using a comparative analysis of CpG-ODN.

A single stimulus of each ODN to HD11 cells showed that
CpG-Bjss55, CpG-Bgs, and CpG-Csyz9s5, but not CpG-Asg5 and
CpG-Ap;s, induced /L-10 expression (Figure 2A) without cell
injury (Figures 1B and 1D). Class B CpG-ODNs containing a
full PS backbone with one or more CpG dinucleotides, called
the CpG motif, directly stimulate mammalian macrophages and
induce IL-10 expression (Yi et al., 2002; Boonstra et al., 2006).
Overall, it was shown that Class B CpG-ODNs induced IL-10 ex-
pression in both mammalian and avian macrophages. Addition-
ally, Class C CpG-ODNs possess intermediate structural features
between Class A CpG-ODNs, which have a CpG-containing
palindromic motif, and Class B CpG-ODNs (Hanagata, 2012).
Therefore, it was suggested that CpG-C,395, belonging to Class
C CpG-ODN, may strongly induce /L-10 expression in HD11
cells because its structural features are similar to those of Class B
CpG-ODN. CpG-Asgs, a Class A CpG-ODN, also induces anti-
inflammatory responses in mice (Yamamoto et al., 2017). How-
ever, in the current study, a single stimulus of CpG-Asg5 upregu-
lated cell viability, but did not induce /L-10 expression in HD11

cells. Moreover, a single stimulus of CpG-Ap;s did not affect the
cell viability or /L-10 expression in HD11 cells. As the functions
of Class A CpG-ODNs in chickens are poorly understood, further
studies are needed.

Comparative analysis using each ODN showed that only
pretreatment with CpG-C,395 promoted the expression of /L-10
under LPS-induced inflammatory conditions (Figure 2B). Ad-
ditionally, pretreatment with CpG-C,395 downregulated several
inflammation-related genes without causing cell injury (Figures
1B, 1D, and 3). Thus, CpG-C,395 induced anti-inflammatory re-
sponses following LPS stimulation. Previous comparative stud-
ies using different classes of CpG-ODNs have shown the efficacy
of Class B CpG-ODNs against antiviral or bacterial responses
in chickens (Dar et al., 2009; Barjesteh et al., 2014). Addition-
ally, Class B CpG-ODNs have been identified upon administer-
ing CpG-ODNs as vaccine adjuvants to chickens (Wang et al.,
2009). Thus, previous studies have mainly focused on the immu-
nostimulatory features of Class B CpG-ODNs in poultry. In con-
trast, the present findings showed that pretreatment with Class
C CpG-ODNs was effective for anti-inflammatory responses in
chicken macrophages.

Mammals and birds have different mechanisms to recognize
CpG-ODNs. In mammals, CpG-ODNs are recognized by TLR9
(Hemmi et al., 2000). However, birds have evolutionarily lost
TLR9 and TLR21 acts as its functional homolog (Brownlie et al.,
2009; Keestra et al., 2010). Interestingly, although mammalian
TLRY and avian TLR21 are functionally identical in that they
recognize CpG-ODNs, they have minimal sequence similarity
and different CpG-ODN sequence recognition profiles (Xie et
al., 2003; Keestra et al., 2010; Chuang et al., 2020). TLR1S5, a
Toll-like receptor unique to birds, also contributes to CpG-ODN
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Expression analysis of inflammation-related genes using quantitative reverse transcription-polymerase chain reac-

tion (QRT-PCR). The AACt method was used to calculate relative expression levels. The mRNA levels of each gene were normal-

ized to B-actin mRNA expression. Error bars indicate the standard error of the mean (SEM) of relative expression levels for three

independent experiments (n = 3). Statistical significance was evaluated using Tukey’s test. Different letters represent significant dif-

ferences (P < 0.05). PBS, phosphate-buffered saline; LPS, lipopolysaccharide; TNFa, tumor necrosis factor o, IL-1f, interleukin-1;

TLR4, Toll-like receptor 4.

recognition (Ciraci and Lamont, 2011). Although the detailed
mechanisms and differences in selectivity of CpG-ODN remain
unclear, basic knowledge of the immunostimulatory features of
CpG-ODNSs against avian cells, but not mammalian cells, is re-
quired to use CpG-ODN as an anti-infective agent in the poultry
industry. These results provide a new perspective on the superior-
ity of CpG-C,395 in the suppression of diseases caused by exces-
sive expression of proinflammatory cytokines in chickens.

In conclusion, CpG-Cy395 directly upregulated /L-10 and re-
duced the expression of LPS-induced inflammatory cytokines
in HD11 cells. These findings provide a new perspective on the
superiority of CpG-Cy;¢5 in preventing diseases responsible for
excessive expression of proinflammatory cytokines, such as avi-
an influenza and enteritis. However, this study is limited in that
cell—cell interactions and preventive effects against infection and
intestinal inflammatory disease in birds following pretreatment
with CpG-C,395 were not evaluated. Hence, further studies are
needed to evaluate the effects of CpG-Cys95 in vivo and to apply
the findings of this study in the poultry industry.

ACKNOWLEDGMENTS

This research was supported in part by the Japan Society for
the Promotion of Science KAKENHI (grant number:21K14997).
We would also like to thank Editage (http://www.editage.jp) for
their help with English language editing.

AUTHOR CONTRIBUTIONS

Kennosuke Ichikawa conducted the experiments and wrote

the manuscript. Mei Matsuzaki, Ryo Ezaki, and Hiroyuki Horiu-
chi discussed the data. Yoshinari Yamamoto designed the experi-
ments and supervised the study. All authors have read and agreed
to the final version of the manuscript.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.
REFERENCES

Aoshi T, Haseda Y, Kobiyama K, Narita H, Sato H, Nankai H, Mo-
chizuki S, Sakurai K, Katakai Y, Yasutomi Y, Kuroda E, Coban
C and Ishii KJ. Development of nonaggregating poly-A tailed
immunostimulatory A/D type CpG oligodeoxynucleotides ap-
plicable for clinical use. Journal of Immunology Research,
2015: 316364. 2015. https:/doi.org/10.1155/2015/316364,
PMID:26380317

Barjesteh N, Behboudi S, Brisbin JT, Villanueva Al, Nagy E and
Sharif S. TLR ligands induce antiviral responses in chicken mac-
rophages. PLoS One, 9: €105713. 2014. https://doi.org/10.1371/
journal.pone.0105713, PMID:25165812

Boonstra A, Rajsbaum R, Holman M, Marques R, Asselin-Paturel
C, Pereira JP, Bates EEM, Akira S, Vieira P, Liu YJ, Trinch-
ieri G and O’Garra A. Macrophages and myeloid dendritic
cells, but not plasmacytoid dendritic cells, produce IL-10 in
response to MyD88- and TRIF-dependent TLR signals, and
TLR-independent signals. Journal of Immunology, 177: 7551—
7558. 2006. https://doi.org/10.4049/jimmunol.177.11.7551,
PMID:17114424

Brownlie R and Allan B. Avian toll-like receptors. Cell and Tissue
Research, 343: 121-130. 2011. https://doi.org/10.1007/s00441-


https://doi.org/10.1155/2015/316364
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26380317?dopt=Abstract
https://doi.org/10.1371/journal.pone.0105713
https://doi.org/10.1371/journal.pone.0105713
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25165812?dopt=Abstract
https://doi.org/10.4049/jimmunol.177.11.7551
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17114424?dopt=Abstract
https://doi.org/10.1007/s00441-010-1026-0

Ichikawa et al.: Anti-inflammatory potential of CpG-oligodeoxynucleotides 7

010-1026-0, PMID:20809414

Brownlie R, Zhu J, Allan B, Mutwiri GK, Babiuk LA, Potter A and
Griebel P. Chicken TLR21 acts as a functional homologue to
mammalian TLRO in the recognition of CpG oligodeoxynucleo-
tides. Molecular Immunology, 46: 3163-3170. 2009. https://doi.
org/10.1016/j.molimm.2009.06.002, PMID: 19573927

Burggraaf S, Karpala AJ, Bingham J, Lowther S, Selleck P, Kimp-
ton W and Bean AGD. H5N1 infection causes rapid mortality
and high cytokine levels in chickens compared to ducks. Vi-
rus Research, 185: 23-31. 2014. https://doi.org/10.1016/j.vi-
rusres.2014.03.012, PMID:24657784

Chuang YC, Tseng JC, Yang JX, Liu YL, Yeh DW, Lai CY, Yu GY,
Hsu LC, Huang CM and Chuang TH. Toll-like receptor 21 of
chicken and duck recognize a broad array of immunostimulatory
CpG-oligodeoxynucleotide sequences. Vaccines, 8: 639. 2020.
https://doi.org/10.3390/vaccines8040639, PMID:33147756

Chung Y, Zhang N and Wooten RM. Borrelia burgdorferi elicited-
IL-10 suppresses the production of inflammatory mediators,
phagocytosis, and expression of co-stimulatory receptors by
murine macrophages and/or dendritic cells. PLoS One, 8:
€84980. 2013. https://doi.org/10.1371/journal.pone.0084980,
PMID:24367705

Ciraci C and Lamont SJ. Avian-specific TLRs and downstream effec-
tor responses to CpG-induction in chicken macrophages. Devel-
opmental and Comparative Immunology, 35: 392-398. 2011.
https://doi.org/10.1016/j.dci.2010.11.012, PMID:21095203

Dar A, Allan B, Gomis S, Potter A and Mutwiri G. Immunothera-
peutic Potential of CpG Oligonucleotides in Chickens. Journal
of Poultry Science, 46: 69-80. 2009. https://doi.org/10.2141/
jpsa.46.69

Han 'Y, Niu M, An L and Li W. Involvement of TLR21 in baculovirus-
induced interleukin-12 gene expression in avian macrophage-
like cell line HD11. Veterinary Microbiology, 144: 75-81.2010.
https://doi.org/10.1016/j.vetmic.2009.11.001, PMID:20471186

Hanagata N. Structure-dependent immunostimulatory effect of CpG
oligodeoxynucleotides and their delivery system. International
Journal of Nanomedicine, 7: 2181-2195. 2012. https://doi.
org/10.2147/1IN.S30197, PMID:22619554

Hattori K, Yamamoto Y, Fujii S, Kumrungsee T, Hasegawa M, Yo-
shida A, Suzuki T and Sambongi Y. Fermented date residue
extract mix containing gamma-aminobutyric acid augments the
immune function of mouse splenocytes. Bioscience, Biotech-
nology, and Biochemistry, 85: 1753-1758. 2021. https:/doi.
org/10.1093/bbb/zbab093, PMID:34036320

He H, Crippen TL, Farnell MB and Kogut MH. Identification of
CpG oligodeoxynucleotide motifs that stimulate nitric oxide
and cytokine production in avian macrophage and peripheral
blood mononuclear cells. Developmental and Comparative Im-
munology, 27: 621-627. 2003. https://doi.org/10.1016/S0145-
305X(03)00013-2, PMID:12697318

He H, Genovese KJ, Nisbet DJ and Kogut MH. Synergy of CpG
oligodeoxynucleotide and double-stranded RNA (poly I:C) on
nitric oxide induction in chicken peripheral blood monocytes.
Molecular Immunology, 44: 3234-3242. 2007. https://doi.
org/10.1016/j.molimm.2007.01.034, PMID: 17339052

He H and Kogut MH. CpG-ODN-induced nitric oxide production
is mediated through clathrin-dependent endocytosis, endosomal
maturation, and activation of PKC, MEK1/2 and p38 MAPK,
and NF-kB pathways in avian macrophage cells (HD11). Cel-

lular Signalling, 15: 911-917. 2003. https://doi.org/10.1016/
S0898-6568(03)00100-1, PMID:12873704

He H, Genovese KJ, Swaggerty CL, MacKinnon KM and Kogut
MH. Co-stimulation with TLR3 and TLR21 ligands synergis-
tically up-regulates Thl-cytokine IFN-y and regulatory cyto-
kine IL-10 expression in chicken monocytes. Developmental
and Comparative Immunology, 36: 756-760. 2012. https://doi.
org/10.1016/j.dci.2011.11.006, PMID:22120532

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsu-
moto M, Hoshino K, Wagner H, Takeda K and Akira S. A Toll-
like receptor recognizes bacterial DNA. Nature, 408: 740-745.
2000. https://doi.org/10.1038/35047123, PMID:11130078

Hu R, Lin H, Wang M, Zhao Y, Liu H, Min Y, Yang X, Gao Y and
Yang M. Lactobacillus reuteri-derived extracellular vesicles
maintain intestinal immune homeostasis against lipopolysac-
charide-induced inflammatory responses in broilers. Journal of
Animal Science and Biotechnology, 12: 25. 2021. https://doi.
org/10.1186/540104-020-00532-4, PMID:33593426

Ichikawa K, Motoe Y, Ezaki R, Matsuzaki M and Horiuchi H.
Knock-in of the duck retinoic acid-inducible gene I (RIG-I)
into the Mx gene in DF-1 cells enables both stable and immune
response-dependent RIG-I expression. Biochemistry and Bio-
physics Reports, 27: 101084. 2021. https://doi.org/10.1016/j.
bbrep.2021.101084, PMID:34381879

Ito Y, Shigemori S, Sato T, Shimazu T, Hatano K, Otani H, Kitazawa
H and Shimosato T. Class I/Il hybrid inhibitory oligodeoxy-
nucleotide exerts Thl and Th2 double immunosuppression.
FEBS Open Bio, 3: 41-45. 2013. https://doi.org/10.1016/j.
f0b.2012.11.002, PMID:23847756

Keestra AM, de Zoete MR, Bouwman LI and van Putten JPM. Chick-
en TLR21 is an innate CpG DNA receptor distinct from mam-
malian TLRY. Journal of Immunology, 185: 460-467. 2010.
https://doi.org/10.4049/jimmunol.0901921, PMID:20498358

Klasing KC. Avian leukocytic cytokines. Poultry Science, 73:
1035-1043. 1994. https://doi.org/10.3382/ps.0731035,
PMID:7937464

Klasing KC. Avian macrophages: Regulators of local and systemic
immune responses. Poultry Science, 77: 983-989. 1998. https://
doi.org/10.1093/ps/77.7.983, PMID:9657608

Krieg AM. CpG motifs in bacterial DNA and their immune ef-
fects. Annual Review of Immunology, 20: 709-760. 2002.
https://doi.org/10.1146/annurev.immunol.20.100301.064842,
PMID:11861616

Krieg AM. Therapeutic potential of Toll-like receptor 9 activation.
Nature Reviews. Drug Discovery, 5: 471-484. 2006. https://doi.
org/10.1038/nrd2059, PMID: 16763660

Lammers A, Wieland WH, Kruijt L, Jansma A, Straetemans T, Schots
A, den Hartog G and Parmentier HK. Successive immunoglob-
ulin and cytokine expression in the small intestine of juvenile
chicken. Developmental and Comparative Immunology, 34:
1254-1262. 2010. https://doi.org/10.1016/j.dci.2010.07.001,
PMID:20621117

Lee KW, Lee SH, Lillehoj HS, Li GX, Jang SI, Babu US, Park MS,
Kim DK, Lillehoj EP, Neumann AP, Rehberger TG and Siragusa
GR. Effects of direct-fed microbials on growth performance, gut
morphometry, and immune characteristics in broiler chickens.
Poultry Science, 89: 203-216. 2010. https://doi.org/10.3382/
ps.2009-00418, PMID:20075271

Lian L, Ciraci C, Chang G, Hu J and Lamont SJ. NLRCS knockdown


https://doi.org/10.1007/s00441-010-1026-0
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20809414?dopt=Abstract
https://doi.org/10.1016/j.molimm.2009.06.002
https://doi.org/10.1016/j.molimm.2009.06.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19573927?dopt=Abstract
https://doi.org/10.1016/j.virusres.2014.03.012
https://doi.org/10.1016/j.virusres.2014.03.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24657784?dopt=Abstract
https://doi.org/10.3390/vaccines8040639
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33147756?dopt=Abstract
https://doi.org/10.1371/journal.pone.0084980
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24367705?dopt=Abstract
https://doi.org/10.1016/j.dci.2010.11.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21095203?dopt=Abstract
https://doi.org/10.2141/jpsa.46.69
https://doi.org/10.2141/jpsa.46.69
https://doi.org/10.1016/j.vetmic.2009.11.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20471186?dopt=Abstract
https://doi.org/10.2147/IJN.S30197
https://doi.org/10.2147/IJN.S30197
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22619554?dopt=Abstract
https://doi.org/10.1093/bbb/zbab093
https://doi.org/10.1093/bbb/zbab093
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34036320?dopt=Abstract
https://doi.org/10.1016/S0145-305X(03)00013-2
https://doi.org/10.1016/S0145-305X(03)00013-2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12697318?dopt=Abstract
https://doi.org/10.1016/j.molimm.2007.01.034
https://doi.org/10.1016/j.molimm.2007.01.034
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17339052?dopt=Abstract
https://doi.org/10.1016/S0898-6568(03)00100-1
https://doi.org/10.1016/S0898-6568(03)00100-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12873704?dopt=Abstract
https://doi.org/10.1016/j.dci.2011.11.006
https://doi.org/10.1016/j.dci.2011.11.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22120532?dopt=Abstract
https://doi.org/10.1038/35047123
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11130078?dopt=Abstract
https://doi.org/10.1186/s40104-020-00532-4
https://doi.org/10.1186/s40104-020-00532-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33593426?dopt=Abstract
https://doi.org/10.1016/j.bbrep.2021.101084
https://doi.org/10.1016/j.bbrep.2021.101084
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34381879?dopt=Abstract
https://doi.org/10.1016/j.fob.2012.11.002
https://doi.org/10.1016/j.fob.2012.11.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23847756?dopt=Abstract
https://doi.org/10.4049/jimmunol.0901921
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20498358?dopt=Abstract
https://doi.org/10.3382/ps.0731035
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7937464?dopt=Abstract
https://doi.org/10.1093/ps/77.7.983
https://doi.org/10.1093/ps/77.7.983
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9657608?dopt=Abstract
https://doi.org/10.1146/annurev.immunol.20.100301.064842
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11861616?dopt=Abstract
https://doi.org/10.1038/nrd2059
https://doi.org/10.1038/nrd2059
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16763660?dopt=Abstract
https://doi.org/10.1016/j.dci.2010.07.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20621117?dopt=Abstract
https://doi.org/10.3382/ps.2009-00418
https://doi.org/10.3382/ps.2009-00418
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20075271?dopt=Abstract

8 Journal of Poultry Science, 60, jpsa.2023002 (2023)

in chicken macrophages alters response to LPS and poly (I:C)
stimulation. BMC Veterinary Research, 8: 23. 2012. https://doi.
org/10.1186/1746-6148-8-23, PMID:22401171

Livak KJ and Schmittgen TD. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2-AACT
method. Methods, 25: 402—408. 2001. https://doi.org/10.1006/
meth.2001.1262, PMID: 11846609

Qi X, Liu C, Li R, Zhang H, Xu X and Wang J. Modulation of the
innate immune-related genes expression in HON2 avian influ-
enza virus-infected chicken macrophage-like cells (HD11) in
response to Escherichia coli LPS stimulation. Research in Vet-
erinary Science, 111: 36-42. 2017. https://doi.org/10.1016/].
rvsc.2016.11.008, PMID:27914220

Roda JM, Parihar R and Carson WE III. CpG-containing oligode-
oxynucleotides act through TLR9 to enhance the NK cell cy-
tokine response to antibody-coated tumor cells. Journal of
Immunology, 175: 1619-1627. 2005. https://doi.org/10.4049/
jimmunol.175.3.1619, PMID:16034101

Rohde F, Schusser B, Hron T, Farkasova H, Plachy J, Hrtle S, He-
jnar J, Elleder D and Kaspers B. Characterization of chicken
tumor necrosis factor-a, a long missed cytokine in birds. Fron-
tiers in Immunology, 9: 605. 2018. https://doi.org/10.3389/fim-
mu.2018.00605, PMID:29719531

Saraiva M and O’Garra A. The regulation of IL-10 production by im-
mune cells. Nature Reviews. Immunology, 10: 170-181. 2010.
https://doi.org/10.1038/nri2711, PMID:20154735

Shimosato T, Fujimoto M, Tohno M, Sato T, Tateo M, Otani H and
Kitazawa H. CpG oligodeoxynucleotides induce strong up-reg-
ulation of interleukin 33 via Toll-like receptor 9. Biochemical
and Biophysical Research Communications, 394: 81-86. 2010.
https://doi.org/10.1016/j.bbrc.2010.02.110, PMID:20178773

Sun L, Guo L, Xu G, Li Z, Appiah MO, Yang L and Lu W. Querce-
tin reduces inflammation and protects gut microbiota in broil-
ers. Molecules, 27: 3269. 2022. https://doi.org/10.3390/mol-
ecules27103269, PMID:35630745

Tang LP, Li WH, Liu YL, Lun JC and He YM. Heat stress aggravates
intestinal inflammation through TLR4-NF-«B signaling path-
way in Ma chickens infected with Escherichia coli O157:H7.
Poultry Science, 100: 101030. 2021. https://doi.org/10.1016/j.
psj-2021.101030, PMID:33752066

Wang Y, Shan C, Ming S, Liu Y, Du Y and Jiang G. Immunoadju-
vant effects of bacterial genomic DNA and CpG oligodeoxy-
nucleotides on avian influenza virus subtype HSN1 inactivated

oil emulsion vaccine in chicken. Research in Veterinary Science,
86: 399-405. 2009. https://doi.org/10.1016/j.rvsc.2008.09.006,
PMID:18977008

Wu Z, Hu T, Rothwell L, Vervelde L, Kaiser P, Boulton K, Nolan
MJ, Tomley FM, Blake DP and Hume DA. Analysis of the func-
tion of IL-10 in chickens using specific neutralising antibodies
and a sensitive capture ELISA. Developmental and Compara-
tive Immunology, 63: 206-212. 2016. https://doi.org/10.1016/j.
dci.2016.04.016, PMID:27108075

Xie H, Raybourne RB, Babu US, Lillehoj HS and Heckert RA. CpG-
induced immunomodulation and intracellular bacterial killing in
a chicken macrophage cell line. Developmental and Compara-
tive Immunology, 27: 823-834. 2003. https://doi.org/10.1016/
S0145-305X(03)00079-X, PMID: 12818639

Xu H, Ling J, Gao Q, He H, Mu X, Yan Z, Gao S and Liu X. Role
of the IpxM lipid A biosynthesis pathway gene in pathogenicity
of avian pathogenic Escherichia coli strain E058 in a chicken
infection model. Veterinary Microbiology, 166: 516-526. 2013.
https://doi.org/10.1016/j.vetmic.2013.05.030, PMID:23856328

Yamamoto Y, Shigemori S, Nigar S, Oshiro K, Wang Y, Sato T and
Shimosato T. Development of a simple IgE-independent ana-
phylactic model using buckwheat antigen and B-type CpG oli-
godeoxynucleotide from Streptococcus thermophilus. Animal
Science Journal, 87: 710-717. 2016. https://doi.org/10.1111/
asj.12479, PMID:26302702

Yamamoto Y, Sugimura R, Watanabe T, Shigemori S, Okajima T,
Nigar S, Namai F, Sato T, Ogita T, and Shimosato T. Class A
CpG oligonucleotide priming rescues mice from septic shock
via activation of platelet-activating factor acetylhydrolase. Fron-
tiers in Immunology, 8: 1049. 2017. https://doi.org/10.3389/
fimmu.2017.01049, PMID:28912777

Yi AK, Yoon JG, Yeo SJ, Hong SC, English BK and Krieg AM.
Role of mitogen-activated protein kinases in CpG DNA-me-
diated IL-10 and IL-12 production: Central role of extracel-
lular signal-regulated kinase in the negative feedback loop of
the CpG DNA-mediated Thl response. Journal of Immunol-
ogy, 168: 4711-4720. 2002. https://doi.org/10.4049/jimmu-
nol.168.9.4711, PMID:11971021

Zhao H, Wang Y, Liu Z, Liu J, Xue Y and Xing M. Subchronic arsen-
ism disorders mrna expression of cytokines and immunoglobu-
lins in the intestinal tract of the cock. Biological Trace Element
Research, 182: 111-118. 2018. https://doi.org/10.1007/s12011-
017-1073-4, PMID:28620729


https://doi.org/10.1186/1746-6148-8-23
https://doi.org/10.1186/1746-6148-8-23
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22401171?dopt=Abstract
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11846609?dopt=Abstract
https://doi.org/10.1016/j.rvsc.2016.11.008
https://doi.org/10.1016/j.rvsc.2016.11.008
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27914220?dopt=Abstract
https://doi.org/10.4049/jimmunol.175.3.1619
https://doi.org/10.4049/jimmunol.175.3.1619
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16034101?dopt=Abstract
https://doi.org/10.3389/fimmu.2018.00605
https://doi.org/10.3389/fimmu.2018.00605
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29719531?dopt=Abstract
https://doi.org/10.1038/nri2711
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20154735?dopt=Abstract
https://doi.org/10.1016/j.bbrc.2010.02.110
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20178773?dopt=Abstract
https://doi.org/10.3390/molecules27103269
https://doi.org/10.3390/molecules27103269
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35630745?dopt=Abstract
https://doi.org/10.1016/j.psj.2021.101030
https://doi.org/10.1016/j.psj.2021.101030
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33752066?dopt=Abstract
https://doi.org/10.1016/j.rvsc.2008.09.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18977008?dopt=Abstract
https://doi.org/10.1016/j.dci.2016.04.016
https://doi.org/10.1016/j.dci.2016.04.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27108075?dopt=Abstract
https://doi.org/10.1016/S0145-305X(03)00079-X
https://doi.org/10.1016/S0145-305X(03)00079-X
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12818639?dopt=Abstract
https://doi.org/10.1016/j.vetmic.2013.05.030
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23856328?dopt=Abstract
https://doi.org/10.1111/asj.12479
https://doi.org/10.1111/asj.12479
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26302702?dopt=Abstract
https://doi.org/10.3389/fimmu.2017.01049
https://doi.org/10.3389/fimmu.2017.01049
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28912777?dopt=Abstract
https://doi.org/10.4049/jimmunol.168.9.4711
https://doi.org/10.4049/jimmunol.168.9.4711
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11971021?dopt=Abstract
https://doi.org/10.1007/s12011-017-1073-4
https://doi.org/10.1007/s12011-017-1073-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28620729?dopt=Abstract

