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ABSTRACT.	 We have previously generated Large White pigs with high immune competence 
using a selection strategy based on phagocytic activity (PA), capacity of alternative complement 
pathway, and antibody response after vaccination against swine erysipelas. In this study, to 
identify the genetic changes caused by the immune selection pressure, we compared gene 
expression and polymorphisms in the promoter region between pigs subjected to the immune 
selection (immune-selected pigs) and those that were not (non-selected pigs). After lipid A 
stimulation, using a microarray analysis, 37 genes related to immune function and transcription 
factor activity showed a greater than three-fold difference in expression between macrophages 
derived from immune-selected and non-selected pigs. We further performed a polymorphic 
analysis of the promoter region of the differentially expressed genes, and elucidated the 
predominant promoter-types in the immune-selected and non-selected pigs, respectively, in 
the genes encoding ribonuclease L (RNASEL), sterile α motif and histidine-aspartate domain 
containing deoxynucleoside triphosphate triphosphohydrolase 1, signal transducer and activator 
of transcription 3, and tripartite motif containing 21. Analysis of the association between these 
promoter genotypes and the immune phenotypes revealed that the immune-selected promoter-
type in RNASEL was associated with increased PA and was inherited recessively. Considering that 
RNASEL has been reported to be involved in antimicrobial immune response of mice, it may be 
possible to enhance the PA of macrophages and improve disease resistance in pig populations 
using RNASEL promoter-type as a DNA marker for selection.
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In the swine industry, the risk of infectious diseases and associated economic losses are increasing [40], and opportunistic 
infections such as pneumonia and diarrhea are prevalent. The recent epidemics of classical swine fever in Japan and African swine 
fever in East Asia have become public health concerns. Since vaccination has not been able to completely control the prevalence 
of infectious diseases and the use of antimicrobial agents is severely limited, genetically improving the disease resistance of pigs 
has become an urgent need of this industry. To date, only a few studies have explored the host genomic regions responsible for the 
development of infectious diseases. For example, chromosome 2 and chromosome 4 have been identified as the genomic regions 
responsible for the development of mycoplasma pneumonia, caused by Mycoplasma hyopneumoniae, and porcine reproductive and 
respiratory syndrome (PRRS), caused by Betaarterivirus suid 1/2 (PRRS virus; PRRSV), using quantitative trait locus analysis 
[23] and the 60 K Illumina single nucleotide polymorphism (SNP) chip [4], respectively.

We have previously generated Large White pigs with high immune competence by selecting phagocytic activity (PA), capacity 
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of alternative complement pathway (CACP), and antibody response after vaccination against swine erysipelas (AR) for six 
generations [5]. Borjigin et al. have reported that this selection strategy was not effective in increasing resistance to pneumonia-
associated lesions after vaccination with M. hyopneumoniae [5]. However, there are no reports on the resistance of immune-
selected pigs to other infections or the genetic changes caused by the selection pressure.

Macrophages are responsible for pathogen recognition and phagocytosis in the early stages of an infection. They also transmit 
information of phagocytosed pathogens to unstimulated T cells and induce T cell-mediated cellular immune response and B cell-mediated 
humoral immune response. Thus, macrophages play an extremely important role in both the innate and acquired immune systems.

In this study, we aimed to identify the genetic changes that are induced by the immune selection strategy by comparing the 
gene expression profiles of macrophages derived from pigs subjected to the immune selection (immune-selected pigs) and those 
that were not (non-selected pigs). We found that after lipid A stimulation of macrophages, the expression of the ribonuclease L 
(RNASEL) gene and the frequency of a specific promoter-type of RNASEL was significantly increased in immune-selected pigs. 
These results indicate that it is possible to improve the immune competence of pig populations using polymorphisms of immune-
related genes and that this selection strategy could help in reducing economic losses from infections in the swine industry.

MATERIALS AND METHODS

Experimental animals
Large White pigs with high immune competence were generated by selecting for PA, CACP, AR for six generations at the 

Research and Development Center, NH Foods Ltd., Osaka, Japan [5]. Pigs of the basic generation, before the immune selection 
began, were assigned to the non-selected group, and those of the sixth generation, after immune selection, were assigned to 
immune-selected group. These pigs were used for isolation of macrophages and comparison of the differences in gene expression 
and promoter polymorphisms between non-selected and immune-selected groups. Pigs of the third generation, in the process of 
immune selection, were used for association analysis between genotypes and immune phenotypes. Ethical review and approval 
were not required for the animal study because the pig samples (bloods) used in this study were reused those for regulation of 
health control of pigs for commercial meat products.

Isolation of macrophages from peripheral blood
Heparinized peripheral blood was obtained from littermates of 3-month-old female Large White pigs from both the immune-

selected and non-selected groups (n=4 per group), and 1.5 ml of the blood was directly added to a culture of feeder cells, consisting 
of epithelial and fibroblastic cells from porcine kidney tissue, in Dulbecco’s modified Eagle medium (Gibco/Invitrogen, Grand Island, 
NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco/Invitrogen), 10 μg/ml insulin (Sigma-Aldrich, St. 
Louis, MO, USA), 100 μM 2-mercaptoethanol (Sigma-Aldrich), 50 U/ml penicillin (Life Technologies, Carlsbad, CA, USA), 50 μg/
ml streptomycin (Life Technologies), in a T-75 flask and maintained at 37°C and 5% CO2 [31]. After 24 hr, blood-derived components 
other than macrophages, which were not attached to the feeder cells, were removed by washing with phosphate-buffered saline, and 
the growth medium was replaced every 3–4 days. After approximately 2 weeks, blood-derived macrophages actively proliferating on 
the feeder cells were collected from the culture supernatant by centrifugation (1,500 rpm for 5 min) for subsequent analysis.

Microarray design
A microarray to evaluate gene expression was designed and arranged with cDNA sequences derived from full-length-enriched 

pig cDNA libraries [33], pig RNA sequences from RefSeq of the National Center of Biotechnology Information (NCBI; release 
55), and estimated transcript sequences of pig immune-related genes generated in several genome sequencing projects [1, 7, 9–12, 
25–29, 32, 34, 35, 38] (Agilent Technologies, Santa Clara, CA, USA). The generated microarray platform has been deposited in the 
NCBI Gene Expression Omnibus (GEO) under the accession number GPL19540 (PMID: 27608441).

Gene expression analysis using the microarray
Macrophages derived from immune-selected and non-selected pigs were plated at a density of 1 × 106 cells per well in a 24-well 

plate (n=4 per group). After stimulation for 4 hr with 10 ng/ml lipid A (Enzo Life Sciences, Farmingdale, NY, USA), a component 
of the lipopolysaccharide responsible for the toxicity of gram-negative bacteria, the cells were collected by centrifugation (1,500 
rpm for 5 min) and the total RNA was extracted using a RNeasy Mini Kit (QIAGEN, Hilden, Germany). The total RNA (400 ng) 
from the stimulated or non-stimulated cells was labeled with cyanine-5 (Cy5) and cyanine-3 (Cy3) fluorescent dyes, respectively, 
and was subjected to microarray analysis as previously described [22]. The expression data have been deposited in the NCBI GEO 
under the following accession numbers: Samples, GSM4851044-4851051 and Series, GSE159942. The relative gene expression 
after lipid A stimulation in 38,721 probes was calculated by dividing the signal intensity of Cy5 by that of Cy3. The difference in 
relative gene expression between immune-selected and non-selected pigs was evaluated using a two-tailed Student’s t-test (P<0.05) 
after multiple comparison using the Benjamini-Hochberg method [2].

Detection of polymorphism in gene promoter region
The nucleotide sequence 5 kb upstream from the transcription start site (TSS) of each gene was obtained from the Sscrofa10.2 

assembly of the pig genome provided by Ensembl (https://may2017.archive.ensembl.org/Sus_scrofa/Info/Index). Polymerase chain 
reaction (PCR) primers used for amplifying the aforementioned genomic region were designed using the Ion AmpliSeq Designer 
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(https: //www. ampliseq. com). Genomic DNA extracted from unrelated immune-selected and non-selected pigs was subjected to 
PCR (n=10 per group), and the resultant products were sequenced using the IonPGM system (Thermo Fisher Scientific, Waltham, 
MA, USA). Primer sequences and low-quality regions in the sequencing reads were trimmed using the Btrim software set at default 
settings [18]. Processed sequencing reads were aligned to the pig genomic sequence (Sscrofa10.2) using the Burrows-Wheeler 
aligner and the picard software, and polymorphisms such as SNPs and insertions and deletions (indels) were detected using GATK 
[20, 36]. Polymorphisms that exhibited a biased distribution between immune-selected and non-selected pigs were identified using 
a χ2 test of independence (P<0.05). Haplotypes of polymorphisms with biased distribution in the genes RNASEL, sterile α motif 
and histidine-aspartate domain containing deoxynucleoside triphosphate triphosphohydrolase 1 (SAMHD1), signal transducer 
and activator of transcription 3 (STAT3), and tripartite motif containing 21 (TRIM21) were estimated using the expectation-
maximization algorithm of the Arlequin 3.5 software [13, 14].

Prediction of binding sites for transcription factors
The sequences of predicted binding sites of transcription factors in the human genome were extracted from the JASPAR database 

(http://jaspar.genereg.net/) and were compared to the promoter sequence of RNASEL, SAMHD1, STAT3, and TRIM21, which are 
predominantly present in non-selected (haplotype 1) and immune-selected (haplotype 2) pigs. Sites with 90% or more identity to 
the sequences of the human genome were considered to be the binding sites of the transcription factor. When the resulting binding 
sites differed between the non-selected and immune-selected pigs, the polymorphisms within the sites were considered to have a 
potential influence on the binding of transcription factors.

Association analysis between genotypes and immune phenotypes
Two hundred and twenty third-generation Large White pigs were used for analysis. PCR amplification of the fragments 

containing representative SNPs characteristic of immune-selected and non-selected pigs was conducted with AmpliTaq Gold 
polymerase (Thermo Fisher Scientific). The PCR consisted of 40 cycles, each comprising 30 sec at 94°C, followed by 30 sec at 
55°C, and 30 sec at 72°C, after incubation at 94°C for 9 min. Sequencing was conducted with an ABI 3730XL Genetic Analyzer 
(Thermo Fisher Scientific), and genotypes were determined based on the combination of the SNPs. Association analysis between 
genotypes and immune phenotypes of PA, CACP, and AR was performed using a generalized linear model package in SPSS 
(version 25; IBM, Armonk, NY, USA). The model is expressed as follows:

Yijklm=μ + sexi + RNASELj + SAMHD1k + STAT3l + TRIM21m + eijklm

where Yijklm is the phenotypic value of the pig with the ith sex, the jth RNASEL, the kth SAMHD1, the lth STAT3, and the mth 
TRIM21; μ is the intercept; sexi is the effect of the ith sex; RNASELj, SAMHD1k, STAT3l, and TRIM21m are the effects of the 
genotypes of the jth RNASEL, kth SAMHD1, lth STAT3, and mth TRIM21, respectively; and eijklm is the random error term.

RESULTS

Comparison of gene expression between immune-selected and non-selected pigs
We isolated macrophages from four littermates of immune-selected and non-selected pigs. To identify genes showing differential 

expression between the two groups after stimulation with lipid A, RNA from the macrophages was extracted and subjected to 
microarray analysis. We found that out of the 38,721 probes, 5,794 probes exhibited statistically significant differences between 
immune-selected and non-selected pigs. To narrow down the targets, we excluded duplicate probes designed for the same gene and 
selected probes showing a greater than 3-fold difference in gene expression between the two groups after lipid A stimulation. In 
addition, we focused on genes that are related to “immune system process” and “nucleic acid binding transcription factor activity” 
based on the gene ontology (GO) terms, GO:0002376 and GO:0001071, respectively. We identified 30 and 13 genes related to 
“immune system process” and “nucleic acid binding transcription factor activity”, respectively (Fig. 1), and six genes, DDX58, 
EPAS1, FOS, LMO4, PLSCR1, and TRIM21, were related to both GO terms. A total of 37 genes were selected for further analysis 
(Supplementary Table 1).

Analysis of polymorphism in gene promoter region
To identify the genetic polymorphisms responsible for the differences in gene expression between the immune-selected and 

non-selected pigs, we attempted a polymorphism search in the promoter region of the aforementioned 37 genes. The nucleotide 
sequence 5 kb upstream from the TSS of the genes, except for FOXS1 and PLSCR1, which had incomplete genomic information 
in the Sscrofa10.2 pig genome database, was obtained (Supplementary Table 1). Subsequently, 690 primer sets were designed to 
amplify the entire region of the obtained nucleotide sequence (Supplementary Tables 1 and 2). Genomic DNA derived from ten 
unrelated immune-selected and ten unrelated non-selected pigs were sequenced, and 1,490 SNPs and 497 indels were found in the 
promoter region of 34 genes except for ULBP1 (Supplementary Table 1). Among these polymorphisms, 7 SNPs and 2 indels in 
RNASEL, 6 SNPs in SAMHD1, 30 SNPs in STAT3, and 46 SNPs and 4 indels in TRIM21 exhibited biased distributions between 
immune-selected and non-selected pigs (Table 1). Using the Arlequin 3.5 software, 2, 2, 5, and 4 haplotypes composed of these 
polymorphisms were estimated in RNASEL, SAMHD1, STAT3, and TRIM21, respectively, and the promoter-types predominant in 
non-selected (haplotype 1) and immune-selected pigs (haplotype 2) were identified.
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Association between promoter-types and immune phenotypes
To confirm that the frequency of the predominant promoter-types in the immune-selected pigs increased as a result of the 

selection over six generations, we conducted an association analysis between promoter genotypes and immune phenotypes. The 
rare haplotypes, 3a, 3b, and 3c in STAT3, 3a, and 3b in TRIM21, were collectively analyzed as haplotype 3 (Table 1). We used the 
third generation because both promoter-types predominant in non-selected and immune-selected pigs were expected to be present at 
a moderate frequency. The promoter genotypes of RNASEL, SAMHD1, STAT3, and TRIM21 genes in 220 pigs were determined by 
sequencing representative SNPs (Table 1). The phenotypic characteristics of PA, CACP, and AR for each genotype are summarized 
in Table 2. Association analysis using a generalized linear model revealed the relationship between sex and PA (P<0.05), RNASEL 
and PA (P<0.01), RNASEL and CACP (P<0.01), RNASEL and AR (P<0.05), STAT3 and CACP (P<0.05), and TRIM21 and CACP 
(P<0.05) (Supplementary Table 3). Since SAMHD1 was not associated with immune phenotypes, it was unclear whether there 
was an indirect effect or a coincidence that the frequency of promoter-types of SAMHD1 was biased during immune selection. 
Pigs with the genotype RNASEL2/2, which is homozygous for the RNASEL promoter-type predominant in immune-selected pigs, 
showed significantly greater PA (P<0.01) and AR (P<0.05) than did those with the genotype RNASEL1/1, which is homozygous 
for the RNASEL promoter-type predominant in non-selected pigs (Table 3, Fig. 2A and 2C). These results were consistent with the 
direction of selection to increase PA and AR. The genotype RNASEL2/2 also had the opposite effect of decreasing CACP compared 
with the genotype RNASEL1/1 (P<0.01) (Table 3, Fig. 2B). With regard to the CACP, the pigs with haplotype 2 of the STAT3 
gene promoter, STAT31/2 (P<0.05), STAT32/2 (P<0.01), and STAT32/3 (P<0.05), had significantly weaker CACP than did pigs with 
genotype STAT31/1 (Table 3, Fig. 2D). In addition, the pigs with the genotype TRIM212/3 had significantly weaker CACP than did 
those with the genotype TRIM211/1 (P<0.05) (Table 3, Fig. 2E).

DISCUSSION

In this study, we identified genetic changes in pigs caused by an immune selection strategy. Microarray analysis revealed that 
the selection pressure amplified expression changes in many genes related to immune function and transcription factor activity in 
macrophages stimulated with lipid A. RNASEL, SAMHD1, and TRIM21 were upregulated in response to lipid A stimulation, and 
STAT3 was downregulated. Polymorphism analysis of the promoter regions of these differentially expressed genes revealed a biased 
distribution of promoter-types between immune-selected and non-selected pigs. We confirmed associations between promoter 
genotype and immune phenotypes in RNASEL, TRIM21, and STAT3.

Haplotype 2 of the RNASEL gene promoter, inherited recessively, increased in frequency as a result of the immune selection and 
was associated with increased PA. RNASEL is involved in host defense mechanisms against viral infection and acts in coordination 
with oligoadenylate synthetase (OAS) [15]. It also cleaves single-stranded RNA into small pieces and activates retinoic acid-
inducible gene I and nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 inflammasome 
in the innate immune system [15]. In the OAS family, OAS1a, OAS1b, OAS2, and OASL are expressed in pigs [24], and the 
overexpression of OAS1b and OAS2 in a stable porcine macrophage cell line carrying the CD163 receptor inhibited the replication 
of PRRSV [37, 39]. It has also been reported that the replication of pseudorabies virus increased in a porcine kidney epithelial cell 
line PK-15, wherein RNASEL was knocked out using genome-editing technology [30]. RNASEL−/− mice have also been reported to 
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Fig. 1.	 Differences in gene expression after lipid A stimulation between immune-selected and non-selected pigs. Macrophages derived from 
immune-selected and non-selected pigs (n=4 per group) were stimulated with lipid A, and total RNA was extracted and subjected to microarray 
analysis. The expression level of each gene after stimulation was divided by that without stimulation; the results are represented as the mean of 
the four pigs. Genes with more than a three-fold difference in relative expression between immune-selected and non-selected pigs were classified 
according to the gene ontology (GO) terms, “immune system process” (GO: 0002376) (A) and “nucleic acid binding transcription factor activity” 
(GO: 0001071) (B).
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exhibit a dramatic increase in mortality after infection with Bacillus anthracis and Escherichia coli [21]. Furthermore, the induction 
of inflammatory cytokines, such as interleukin-1β, tumor necrosis factor-α, and interferon-β, and the expression of the mRNA 
encoding the endolysosomal protease, cathepsin-E, were impaired in the macrophages of RNASEL−/− mice [21]. These observations 
in RNASEL−/− mice may account for the increased frequency of haplotype 2 of the RNASEL gene promoter in response to 
immune selection in pigs. Although the expression of RNASEL in non-selected pigs was almost unchanged before and after lipid 
A stimulation, that in immune-selected pigs exhibited a greater than 3-fold increase. A predictive analysis of binding sites for 
transcription factors in the promoter region of RNASEL suggested that forkhead box A1 (FOXA1) and Thanatos-associated protein 
domain containing 1 (THAP1) could bind to a site containing position 4844 upstream from the TSS in RNASEL (Supplementary 
Table 4). The SNP at position 4844 may alter the binding ability of these transcription factors between haplotypes 1 and 2 of the 
RNASEL gene promoter, resulting in the difference of the expression of RNASEL after lipid A stimulation. FOXA1 can unravel 
condensed chromatin by binding to histones H3 and H4 [8] and is involved in postnatal development and cancerization of the 
mammary and prostate glands [3]. THAP1 is a physiological regulator of endothelial cell proliferation, cell cycle progression, and 
angiogenesis [6].

Haplotype 2 of the RNASEL gene promoter was found to be associated with increased PA and a simultaneous decrease in CACP. 
Although, the role of CACP in disease resistance of pigs is unknown, Lee et al. have reported that Kaposi’s sarcoma-associated 
herpesvirus (KSHV) activates the complement system through the STAT3 pathway during the latent period and that cells infected 
with latent KSHV are resistant to cell death [19], suggesting that increased CACP may adversely affect the host resistance to 
infections. We limited our analysis to genes involved in immune function and transcription factor activity and found that haplotype 
2 of the STAT3 gene promoter was associated with decrease in CACP, unlike haplotypes 1 and 3, and likely exerted this effect 
by suppressing the expression of the STAT3 gene, although this finding is inconsistent with the direction of immune selection to 
increase CACP. We hypothesize that other genes not involved in “immune system process” and “nucleic acid binding transcription 
factor activity”, based on the GO analysis, have a large effect on CACP increase.

Although the pigs with genotype TRIM212/3 had significantly decreased CACP compared with those with genotype TRIM211/1, 
the direction of the effects of haplotypes 2 and 3 of TRIM21 was not clear. TRIM21 is located on chromosome 9, like RNASEL, 
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Table 2.	 Distribution of phenotypic values according to the genotype of the 
third generation of immune competent Large White pigs

Genotype
Sample Phenotypic value (mean ± S.D.)
(n=220) PA CACP AR

Sex
Female 115 137 ± 89.0 79.1 ± 14.4 0.500 ± 0.415
Male 105 159 ± 92.8 78.9 ± 13.5 0.489 ± 0.346

RNASEL
1/1 154 137 ± 76.9 79.6 ± 14.3 0.483 ± 0.361
1/2 25 144 ± 67.6 83.8 ± 12.3 0.343 ± 0.260
2/2 41 191 ± 134 74.0 ± 12.2 0.629 ± 0.481

SAMHD1
1/1 27 141 ± 77.5 81.2 ± 12.2 0.459 ± 0.318
1/2 102 145 ± 75.7 79.2 ± 15.3 0.477 ± 0.321
2/2 91 153 ± 110 78.2 ± 12.9 0.525 ± 0.459

STAT3
1/1 12 172 ± 86.8 87.9 ± 13.7 0.489 ± 0.377
1/2 48 135 ± 79.2 79.3 ± 14.2 0.467 ± 0.345
1/3 43 152 ± 107 79.2 ± 11.4 0.486 ± 0.358
2/2 41 139 ± 81.3 74.4 ± 15.0 0.520 ± 0.389
2/3 60 149 ± 81.2 78.2 ± 14.6 0.497 ± 0.447
3/3 16 172 ± 137 85.8 ± 10.3 0.531 ± 0.331

TRIM21
1/1 36 141 ± 78.4 80.0 ± 11.8 0.485 ± 0.444
1/2 73 144 ± 87.7 76.3 ± 14.6 0.487 ± 0.340
1/3 16 160 ± 101 83.7 ± 14.5 0.519 ± 0.280
2/2 72 159 ± 103 81.1 ± 13.2 0.483 ± 0.416
2/3 19 124 ± 81.2 72.9 ± 13.8 0.584 ± 0.412
3/3 4 130 ± 46.5 93.8 ± 15.0 0.401 ± 0.218

RNASEL, ribonuclease L; SAMHD1, sterile α motif and histidine-aspartate domain 
containing deoxynucleoside triphosphate triphosphohydrolase 1; STAT3, signal 
transducer and activator of transcription 3; TRIM21, tripartite motif containing 21; PA, 
phagocytic activity; CACP, capacity of alternative complement pathway; AR, antibody 
response after vaccination against swine erysipelas.
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Table 3.	 Estimates of the effect of promoter genotypes on immune competence

Genotype

PA CAPA AR

Estimate S.E.
95% Wald CI Hypothesis test

Estimate S.E.
95% Wald CI Hypothesis test

Estimate S.E.
95% Wald CI Hypothesis test

Lower Upper Wald P Lower Upper Wald P Lower Upper Wald P

Sex
Female Reference Reference Reference
Male 24.53 12.13 0.768 48.30 4.094 0.043* 0.106 1.794 −3.410 3.622 0.003 0.953 −0.008 0.0521 −0.110 0.094 0.022 0.881

RNASEL
1/1 Reference Reference Reference
1/2 3.151 20.35 −36.74 43.04 0.024 0.877 3.121 3.011 −2.780 9.022 1.075 0.300 −0.126 0.0875 −0.297 0.045 2.073 0.150
2/2 52.62 15.64 21.95 83.28 11.31 0.001** −6.009 2.315 −10.55 −1.473 6.741 0.009** 0.150 0.0672 0.019 0.282 5.002 0.025*

SAMHD1
1/1 Reference Reference Reference
1/2 8.102 19.12 −29.37 45.58 0.180 0.672 −1.463 2.829 −7.007 4.081 0.267 0.605 0.021 0.0822 −0.140 0.182 0.067 0.796
2/2 21.18 19.86 −17.76 60.11 1.136 0.286 −1.826 2.939 −7.586 3.933 0.386 0.534 0.070 0.0854 −0.098 0.237 0.666 0.414

STAT3
1/1 Reference Reference Reference
1/2 −40.57 28.25 −95.93 14.80 2.062 0.151 −9.243 4.179 −17.43 −1.053 4.893 0.027* –0.020 0.1214 −0.258 0.218 0.026 0.872
1/3 −19.37 28.84 −75.90 37.16 0.451 0.502 −9.117 4.267 −17.48 −0.753 4.565 0.033* –0.006 0.1240 −0.249 0.237 0.003 0.959
2/2 −26.04 29.11 −83.09 31.01 0.800 0.371 −14.27 4.306 −22.71 −5.831 10.98 0.001** 0.032 0.1251 −0.213 0.277 0.065 0.798
2/3 −18.79 28.10 −73.86 36.28 0.447 0.504 −10.44 4.157 −18.59 −2.294 6.309 0.012* 0.015 0.1208 −0.222 0.252 0.016 0.901
3/3 −6.058 34.31 −73.30 61.19 0.031 0.860 −4.942 5.076 −14.89 5.006 0.948 0.330 0.037 0.1475 −0.252 0.326 0.063 0.802

TRIM21
1/1 Reference Reference Reference
1/2 1.486 18.01 −33.81 36.78 0.007 0.934 −4.940 2.664 −10.16 0.282 3.438 0.064 0.029 0.0774 −0.122 0.181 0.145 0.703
1/3 21.09 27.14 −32.11 74.29 0.604 0.437 0.914 4.016 −6.956 8.785 0.052 0.820 0.076 0.1167 −0.153 0.305 0.423 0.515
2/2 18.38 18.69 −18.26 55.02 0.966 0.326 −1.472 2.766 −6.892 3.949 0.283 0.595 0.045 0.0804 −0.113 0.202 0.307 0.580
2/3 −16.47 25.00 −65.48 32.53 0.434 0.510 −7.780 3.699 −15.03 −0.531 4.425 0.035* 0.119 0.1075 −0.092 0.330 1.227 0.268
3/3 −6.499 46.24 −97.13 84.13 0.020 0.888 11.95 6.841 −1.453 25.36 3.054 0.081 –0.053 0.1988 −0.442 0.337 0.070 0.791

(Intercept) 129.8 33.96 63.29 196.4 14.62 <0.001*** 93.36 5.023 83.51 103.2 345.4 <0.001*** 0.399 0.1460 0.113 0.685 7.487 0.006**

RNASEL, ribonuclease L; SAMHD1, sterile α motif and histidine-aspartate domain containing deoxynucleoside triphosphate triphosphohydrolase 1; STAT3, 
signal transducer and activator of transcription 3; TRIM21, tripartite motif containing 21; PA, phagocytic activity; CACP, capacity of alternative complement 
pathway; AR, antibody response after vaccination against swine erysipelas; CI, confidence interval; S.E., standard error. Significant difference compared to 
reference are indicated (*P<0.05; **P<0.01; ***P<0.001).

Fig. 2.	 Effect of promoter genotypes on immune phenotypes. Two hundred and twenty Large White pigs were used to investigate the association 
between promoter genotypes and immune phenotypes. Association analysis was performed by a generalized liner model. Estimates of the effects 
are indicated by mean ± standard error for RNASEL genotypes on phagocytic activity (PA) (A), capacity of alternative complement pathway 
(CACP) (B), antibody response after vaccination against swine erysipelas (AR) (C), STAT3 genotypes on CACP (D), and TRIM21 genotypes on 
CACP (E). Significant difference compared to the genotype 1/1 are indicated (*P<0.05; **P<0.01).
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in pigs and may be genetically linked with RNASEL, which was strongly associated with CACP decrease. However because the 
tripartite motif (TRIM) family is known to positively and negatively regulate the Toll-like receptor signaling pathway [17], it 
is possible that the association of TRIM21 and CACP was detected due to its functional role in the regulation of innate immune 
responses.

In conclusion, the selection of Large White pigs based on immune competence significantly increased the frequency of haplotype 
2 of the RNASEL gene promoter. This haplotype greatly increased the expression of RNASEL after lipid A stimulation. Pigs 
homozygous for haplotype 2 of the RNASEL gene promoter showed significantly high PA, likely due to the activation of the innate 
immune response. It is possible that the resistance of the Large White pig population to infections can be increased using this 
haplotype as a DNA marker. We confirmed that the nucleotide sequences of haplotype 1 in RNASEL, SAMHD1, and TRIM21 in 
Large White pigs are exactly the same as those in the Duroc pig, which was used for decoding the whole genome sequence of the 
pig (data not shown) [16]. If the promoter types corresponding to haplotype 2 in these genes are present in pig breeds other than 
Large White pigs, the findings of this study can be applied to several breeds.

CONFLICT OF INTEREST. YT and SS are employees of NH Foods Ltd. The remaining authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

ACKNOWLEDGMENTS. This work was supported by JSPS KAKENHI Grant Numbers 26850173, and 17K08057.

REFERENCES

	 1.	 Ando, A., Shigenari, A., Kulski, J. K., Renard, C., Chardon, P., Shiina, T. and Inoko, H. 2005. Genomic sequence analysis of the 238-kb swine 
segment with a cluster of TRIM and olfactory receptor genes located, but with no class I genes, at the distal end of the SLA class I region. 
Immunogenetics 57: 864–873. [Medline]  [CrossRef]

	 2.	 Benjamini, Y. and Hochberg, Y. 1995. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. B 
57: 289–300.

	 3.	 Bernardo, G. M. and Keri, R. A. 2012. FOXA1: a transcription factor with parallel functions in development and cancer. Biosci. Rep. 32: 113–130. 
[Medline]  [CrossRef]

	 4.	 Boddicker, N., Waide, E. H., Rowland, R. R., Lunney, J. K., Garrick, D. J., Reecy, J. M. and Dekkers, J. C. 2012. Evidence for a major QTL 
associated with host response to porcine reproductive and respiratory syndrome virus challenge. J. Anim. Sci. 90: 1733–1746. [Medline]  [CrossRef]

	 5.	 Borjigin, L., Shimazu, T., Katayama, Y., Li, M., Satoh, T., Watanabe, K., Kitazawa, H., Roh, S. G., Aso, H., Katoh, K., Uchida, T., Suda, Y., 
Sakuma, A., Nakajo, M. and Suzuki, K. 2016. Immunogenic properties and mycoplasmal pneumonia of swine (MPS) lung lesions in Large White 
pigs selected for higher peripheral blood immune capacity. Anim. Sci. J. 87: 638–645. [Medline]  [CrossRef]

	 6.	 Cayrol, C., Lacroix, C., Mathe, C., Ecochard, V., Ceribelli, M., Loreau, E., Lazar, V., Dessen, P., Mantovani, R., Aguilar, L. and Girard, J. P. 2007. 
The THAP-zinc finger protein THAP1 regulates endothelial cell proliferation through modulation of pRB/E2F cell-cycle target genes. Blood 109: 
584–594. [Medline]  [CrossRef]

	 7.	 Chardon, P., Rogel-Gaillard, C., Cattolico, L., Duprat, S., Vaiman, M. and Renard, C. 2001. Sequence of the swine major histocompatibility 
complex region containing all non-classical class I genes. Tissue Antigens 57: 55–65. [Medline]  [CrossRef]

	 8.	 Cirillo, L. A., Lin, F. R., Cuesta, I., Friedman, D., Jarnik, M. and Zaret, K. S. 2002. Opening of compacted chromatin by early developmental 
transcription factors HNF3 (FoxA) and GATA-4. Mol. Cell 9: 279–289. [Medline]  [CrossRef]

	 9.	 Eguchi-Ogawa, T., Toki, D. and Uenishi, H. 2009. Genomic structure of the whole D-J-C clusters and the upstream region coding V segments of the 
TRB locus in pig. Dev. Comp. Immunol. 33: 1111–1119. [Medline]  [CrossRef]

	10.	 Eguchi-Ogawa, T., Toki, D., Wertz, N., Butler, J. E. and Uenishi, H. 2012. Structure of the genomic sequence comprising the immunoglobulin heavy 
constant (IGHC) genes from Sus scrofa. Mol. Immunol. 52: 97–107. [Medline]  [CrossRef]

	11.	 Eguchi-Ogawa, T., Morozumi, T., Tanaka, M., Shinkai, H., Okumura, N., Suzuki, K., Awata, T. and Uenishi, H. 2007. Analysis of the genomic 
structure of the porcine CD1 gene cluster. Genomics 89: 248–261. [Medline]  [CrossRef]

	12.	 Eguchi-Ogawa, T., Wertz, N., Sun, X. Z., Piumi, F., Uenishi, H., Wells, K., Chardon, P., Tobin, G. J. and Butler, J. E. 2010. Antibody repertoire 
development in fetal and neonatal piglets. XI. The relationship of variable heavy chain gene usage and the genomic organization of the variable 
heavy chain locus. J. Immunol. 184: 3734–3742. [Medline]  [CrossRef]

	13.	 Excoffier, L. and Slatkin, M. 1995. Maximum-likelihood estimation of molecular haplotype frequencies in a diploid population. Mol. Biol. Evol. 12: 
921–927. [Medline]

	14.	 Excoffier, L., Laval, G. and Schneider, S. 2007. Arlequin (version 3.0): an integrated software package for population genetics data analysis. Evol. 
Bioinform. Online 1: 47–50. [Medline]

	15.	 Ezelle, H. J., Malathi, K. and Hassel, B. A. 2016. The roles of RNase-L in antimicrobial immunity and the cytoskeleton-associated innate response. 
Int. J. Mol. Sci. 17: 74. [Medline]  [CrossRef]

	16.	 Groenen, M. A., Archibald, A. L., Uenishi, H., Tuggle, C. K., Takeuchi, Y., Rothschild, M. F., Rogel-Gaillard, C., Park, C., Milan, D., Megens, H. 
J., Li, S., Larkin, D. M., Kim, H., Frantz, L. A., Caccamo, M., Ahn, H., Aken, B. L., Anselmo, A., Anthon, C., Auvil, L., Badaoui, B., Beattie, C. 
W., Bendixen, C., Berman, D., Blecha, F., Blomberg, J., Bolund, L., Bosse, M., Botti, S., Bujie, Z., Bystrom, M., Capitanu, B., Carvalho-Silva, 
D., Chardon, P., Chen, C., Cheng, R., Choi, S. H., Chow, W., Clark, R. C., Clee, C., Crooijmans, R. P., Dawson, H. D., Dehais, P., De Sapio, F., 
Dibbits, B., Drou, N., Du, Z. Q., Eversole, K., Fadista, J., Fairley, S., Faraut, T., Faulkner, G. J., Fowler, K. E., Fredholm, M., Fritz, E., Gilbert, J. 
G., Giuffra, E., Gorodkin, J., Griffin, D. K., Harrow, J. L., Hayward, A., Howe, K., Hu, Z. L., Humphray, S. J., Hunt, T., Hornshøj, H., Jeon, J. T., 
Jern, P., Jones, M., Jurka, J., Kanamori, H., Kapetanovic, R., Kim, J., Kim, J. H., Kim, K. W., Kim, T. H., Larson, G., Lee, K., Lee, K. T., Leggett, 
R., Lewin, H. A., Li, Y., Liu, W., Loveland, J. E., Lu, Y., Lunney, J. K., Ma, J., Madsen, O., Mann, K., Matthews, L., McLaren, S., Morozumi, T., 
Murtaugh, M. P., Narayan, J., Nguyen, D. T., Ni, P., Oh, S. J., Onteru, S., Panitz, F., Park, E. W., Park, H. S., Pascal, G., Paudel, Y., Perez-Enciso, 
M., Ramirez-Gonzalez, R., Reecy, J. M., Rodriguez-Zas, S., Rohrer, G. A., Rund, L., Sang, Y., Schachtschneider, K., Schraiber, J. G., Schwartz, 
J., Scobie, L., Scott, C., Searle, S., Servin, B., Southey, B. R., Sperber, G., Stadler, P., Sweedler, J. V., Tafer, H., Thomsen, B., Wali, R., Wang, J., 

1407–1415, 2021

http://www.ncbi.nlm.nih.gov/pubmed/16328468?dopt=Abstract
http://dx.doi.org/10.1007/s00251-005-0053-6
http://www.ncbi.nlm.nih.gov/pubmed/22115363?dopt=Abstract
http://dx.doi.org/10.1042/BSR20110046
http://www.ncbi.nlm.nih.gov/pubmed/22205662?dopt=Abstract
http://dx.doi.org/10.2527/jas.2011-4464
http://www.ncbi.nlm.nih.gov/pubmed/26388420?dopt=Abstract
http://dx.doi.org/10.1111/asj.12471
http://www.ncbi.nlm.nih.gov/pubmed/17003378?dopt=Abstract
http://dx.doi.org/10.1182/blood-2006-03-012013
http://www.ncbi.nlm.nih.gov/pubmed/11169259?dopt=Abstract
http://dx.doi.org/10.1034/j.1399-0039.2001.057001055.x
http://www.ncbi.nlm.nih.gov/pubmed/11864602?dopt=Abstract
http://dx.doi.org/10.1016/S1097-2765(02)00459-8
http://www.ncbi.nlm.nih.gov/pubmed/19527749?dopt=Abstract
http://dx.doi.org/10.1016/j.dci.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22673207?dopt=Abstract
http://dx.doi.org/10.1016/j.molimm.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/17112699?dopt=Abstract
http://dx.doi.org/10.1016/j.ygeno.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20207992?dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.0903616
http://www.ncbi.nlm.nih.gov/pubmed/7476138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19325852?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/26760998?dopt=Abstract
http://dx.doi.org/10.3390/ijms17010074


PIG PHAGOCYTIC ACTIVITY AND RNASEL GENE

J. Vet. Med. Sci. 83(9): 1415

Wang, J., White, S., Xu, X., Yerle, M., Zhang, G., Zhang, J., Zhang, J., Zhao, S., Rogers, J., Churcher, C. and Schook, L. B. 2012. Analyses of pig 
genomes provide insight into porcine demography and evolution. Nature 491: 393–398. [Medline]  [CrossRef]

	17.	 Kawai, T. and Akira, S. 2011. Regulation of innate immune signalling pathways by the tripartite motif (TRIM) family proteins. EMBO Mol. Med. 3: 
513–527. [Medline]  [CrossRef]

	18.	 Kong, Y. 2011. Btrim: a fast, lightweight adapter and quality trimming program for next-generation sequencing technologies. Genomics 98: 
152–153. [Medline]  [CrossRef]

	19.	 Lee, M. S., Jones, T., Song, D. Y., Jang, J. H., Jung, J. U. and Gao, S. J. 2014. Exploitation of the complement system by oncogenic Kaposi’s 
sarcoma-associated herpesvirus for cell survival and persistent infection. PLoS Pathog. 10: e1004412. [Medline]  [CrossRef]

	20.	 Li, H. and Durbin, R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25: 1754–1760. [Medline]  
[CrossRef]

	21.	 Li, X. L., Ezelle, H. J., Kang, T. J., Zhang, L., Shirey, K. A., Harro, J., Hasday, J. D., Mohapatra, S. K., Crasta, O. R., Vogel, S. N., Cross, A. S. 
and Hassel, B. A. 2008. An essential role for the antiviral endoribonuclease, RNase-L, in antibacterial immunity. Proc. Natl. Acad. Sci. USA 105: 
20816–20821. [Medline]  [CrossRef]

	22.	 Matsumoto, T., Nakajima, I., Eguchi-Ogawa, T., Nagamura, Y., Hamasima, N. and Uenishi, H. 2012. Changes in gene expression in a porcine 
preadipocyte cell line during differentiation. Anim. Genet. 43: 535–544. [Medline]  [CrossRef]

	23.	 Okamura, T., Onodera, W., Tayama, T., Kadowaki, H., Kojima-Shibata, C., Suzuki, E., Uemoto, Y., Mikawa, S., Hayashi, T., Awata, T., Fujishima-
Kanaya, N., Mikawa, A., Uenishi, H. and Suzuki, K. 2012. A genome-wide scan for quantitative trait loci affecting respiratory disease and immune 
capacity in Landrace pigs. Anim. Genet. 43: 721–729. [Medline]  [CrossRef]

	24.	 Perelygin, A. A., Zharkikh, A. A., Scherbik, S. V. and Brinton, M. A. 2006. The mammalian 2′-5′ oligoadenylate synthetase gene family: evidence 
for concerted evolution of paralogous Oas1 genes in Rodentia and Artiodactyla. J. Mol. Evol. 63: 562–576. [Medline]  [CrossRef]

	25.	 Renard, C., Vaiman, M., Chiannilkulchai, N., Cattolico, L., Robert, C. and Chardon, P. 2001. Sequence of the pig major histocompatibility region 
containing the classical class I genes. Immunogenetics 53: 490–500. [Medline]  [CrossRef]

	26.	 Renard, C., Hart, E., Sehra, H., Beasley, H., Coggill, P., Howe, K., Harrow, J., Gilbert, J., Sims, S., Rogers, J., Ando, A., Shigenari, A., Shiina, 
T., Inoko, H., Chardon, P. and Beck, S. 2006. The genomic sequence and analysis of the swine major histocompatibility complex. Genomics 88: 
96–110. [Medline]  [CrossRef]

	27.	 Schwartz, J. C., Lefranc, M. P. and Murtaugh, M. P. 2012. Evolution of the porcine (Sus scrofa domestica) immunoglobulin kappa locus through 
germline gene conversion. Immunogenetics 64: 303–311. [Medline]  [CrossRef]

	28.	 Schwartz, J. C., Lefranc, M. P. and Murtaugh, M. P. 2012. Organization, complexity and allelic diversity of the porcine (Sus scrofa domestica) 
immunoglobulin lambda locus. Immunogenetics 64: 399–407. [Medline]  [CrossRef]

	29.	 Shinkai, H., Morozumi, T., Toki, D., Eguchi-Ogawa, T., Muneta, Y., Awata, T. and Uenishi, H. 2005. Genomic structure of eight porcine chemokine 
receptors and intergene sharing of an exon between CCR1 and XCR1. Gene 349: 55–66. [Medline]  [CrossRef]

	30.	 Sui, C., Jiang, D., Wu, X., Cong, X., Li, F., Shang, Y., Wang, J., Liu, S., Shan, H., Qi, J. and Du, Y. 2019. CRISPR-Cas9 mediated Rnase L knockout 
regulates cellular function of PK-15 cells and increases PRV replication. BioMed Res. Int. 2019: 7398208. [Medline]  [CrossRef]

	31.	 Takenouchi, T., Kitani, H., Suzuki, S., Nakai, M., Fuchimoto, D. I., Tsukimoto, M., Shinkai, H., Sato, M. and Uenishi, H. 2017. Immortalization and 
characterization of porcine macrophages that had been transduced with lentiviral vectors encoding the SV40 large T antigen and porcine telomerase 
reverse transcriptase. Front. Vet. Sci. 4: 132. [Medline]  [CrossRef]

	32.	 Tanaka-Matsuda, M., Ando, A., Rogel-Gaillard, C., Chardon, P. and Uenishi, H. 2009. Difference in number of loci of swine leukocyte antigen 
classical class I genes among haplotypes. Genomics 93: 261–273. [Medline]  [CrossRef]

	33.	 Uenishi, H., Morozumi, T., Toki, D., Eguchi-Ogawa, T., Rund, L. A. and Schook, L. B. 2012. Large-scale sequencing based on full-length-enriched 
cDNA libraries in pigs: contribution to annotation of the pig genome draft sequence. BMC Genomics 13: 581. [Medline]  [CrossRef]

	34.	 Uenishi, H., Eguchi-Ogawa, T., Toki, D., Morozumi, T., Tanaka-Matsuda, M., Shinkai, H., Yamamoto, R. and Takagaki, Y. 2009. Genomic sequence 
encoding diversity segments of the pig TCR delta chain gene demonstrates productivity of highly diversified repertoire. Mol. Immunol. 46: 
1212–1221. [Medline]  [CrossRef]

	35.	 Uenishi, H., Hiraiwa, H., Yamamoto, R., Yasue, H., Takagaki, Y., Shiina, T., Kikkawa, E., Inoko, H. and Awata, T. 2003. Genomic structure around 
joining segments and constant regions of swine T-cell receptor alpha/delta (TRA/TRD) locus. Immunology 109: 515–526. [Medline]  [CrossRef]

	36.	 Van der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., Del Angel, G., Levy-Moonshine, A., Jordan, T., Shakir, K., Roazen, D., Thibault, 
J., Banks, E., Garimella, K. V., Altshuler, D., Gabriel, S. and DePristo, M. A. 2013. From FastQ data to high confidence variant calls: the Genome 
Analysis Toolkit best practices pipeline. Curr. Protoc. Bioinformatics 43: 11.10.11–11.10.33. [Medline]  [CrossRef]

	37.	 Wang, R., Kang, Y., Li, H., Ma, H., Wang, W., Cheng, Y., Ji, P., Zhang, E. and Zhao, M. 2019. Molecular cloning and functional characterization 
of porcine 2′,5′-oligoadenylate synthetase 1b and its effect on infection with porcine reproductive and respiratory syndrome virus. Vet. Immunol. 
Immunopathol. 209: 22–30. [Medline]  [CrossRef]

	38.	 Watanabe, M., Iwasaki, Y., Mita, Y., Ota, S., Yamada, S., Shimizu, M. and Takagaki, Y. 2007. Porcine T-cell receptor beta-chain: a genomic 
sequence covering Dbeta1.1 to Cbeta2 gene segments and the diversity of cDNA expressed in piglets including novel alternative splicing products. 
Mol. Immunol. 44: 2332–2343. [Medline]  [CrossRef]

	39.	 Zhao, M., Wan, B., Li, H., He, J., Chen, X., Wang, L., Wang, Y., Xie, S., Qiao, S. and Zhang, G. 2017. Porcine 2′, 5′-oligoadenylate synthetase 2 
inhibits porcine reproductive and respiratory syndrome virus replication in vitro. Microb. Pathog. 111: 14–21. [Medline]  [CrossRef]

	40.	 Zimmerman, J. J., Karriker, L. A., Ramirez, A., Schwartz, K. J. and Stevenson, G. W. 2012. Diseases of Swine, 10th ed., Wiley-Blackwell, Ames.

1407–1415, 2021

http://www.ncbi.nlm.nih.gov/pubmed/23151582?dopt=Abstract
http://dx.doi.org/10.1038/nature11622
http://www.ncbi.nlm.nih.gov/pubmed/21826793?dopt=Abstract
http://dx.doi.org/10.1002/emmm.201100160
http://www.ncbi.nlm.nih.gov/pubmed/21651976?dopt=Abstract
http://dx.doi.org/10.1016/j.ygeno.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/25254972?dopt=Abstract
http://dx.doi.org/10.1371/journal.ppat.1004412
http://www.ncbi.nlm.nih.gov/pubmed/19451168?dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19075243?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0807265105
http://www.ncbi.nlm.nih.gov/pubmed/22497428?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2052.2011.02310.x
http://www.ncbi.nlm.nih.gov/pubmed/22509953?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2052.2012.02359.x
http://www.ncbi.nlm.nih.gov/pubmed/17024523?dopt=Abstract
http://dx.doi.org/10.1007/s00239-006-0073-3
http://www.ncbi.nlm.nih.gov/pubmed/11685460?dopt=Abstract
http://dx.doi.org/10.1007/s002510100348
http://www.ncbi.nlm.nih.gov/pubmed/16515853?dopt=Abstract
http://dx.doi.org/10.1016/j.ygeno.2006.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22109540?dopt=Abstract
http://dx.doi.org/10.1007/s00251-011-0589-6
http://www.ncbi.nlm.nih.gov/pubmed/22186825?dopt=Abstract
http://dx.doi.org/10.1007/s00251-011-0594-9
http://www.ncbi.nlm.nih.gov/pubmed/15777643?dopt=Abstract
http://dx.doi.org/10.1016/j.gene.2004.10.017
http://www.ncbi.nlm.nih.gov/pubmed/30941371?dopt=Abstract
http://dx.doi.org/10.1155/2019/7398208
http://www.ncbi.nlm.nih.gov/pubmed/28871285?dopt=Abstract
http://dx.doi.org/10.3389/fvets.2017.00132
http://www.ncbi.nlm.nih.gov/pubmed/18996466?dopt=Abstract
http://dx.doi.org/10.1016/j.ygeno.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23150988?dopt=Abstract
http://dx.doi.org/10.1186/1471-2164-13-581
http://www.ncbi.nlm.nih.gov/pubmed/19128837?dopt=Abstract
http://dx.doi.org/10.1016/j.molimm.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/12871218?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2567.2003.01695.x
http://www.ncbi.nlm.nih.gov/pubmed/25431634?dopt=Abstract
http://dx.doi.org/
http://www.ncbi.nlm.nih.gov/pubmed/30885302?dopt=Abstract
http://dx.doi.org/10.1016/j.vetimm.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17118451?dopt=Abstract
http://dx.doi.org/10.1016/j.molimm.2006.10.021
http://www.ncbi.nlm.nih.gov/pubmed/28804020?dopt=Abstract
http://dx.doi.org/10.1016/j.micpath.2017.08.011

