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Johne's disease (ID) is a chronic, debilitating disease of ruminants including cows,
and is caused by Mycobacterium avium subsp. paratuberculosis (MAP). MAP is
not only important in animal husbandry, but also in public health as it is associated
with the onset of Crohn's disease, a chronic inflammatory bowel disease in humans.
D, like other mycobacterial diseases including tuberculosis, is classified into different
stages based on the progression of infection. In addition, development of diagnostic
assays that can distinguish between subclinical and clinical stages of JD is essential
to control mycobacterial infection by providing an effective treatment. For the
development of novel diagnostic methods of JD, it is important to investigate and
understand the mRNA expression of the various immune markers in individuals at
each stage of infection. In this study, we measured the levels of Th1-type chemokines,
CXCR3, CCL4, CCL5, CXCL9, CXCL10, and CXCL11 in MAP-infected bovine blood
by interferon (IFN)-y release assay (IGRA) using IFN-y as an alternative biomarker.
The association of MRNA expression patterns of these chemokines with the MAP
infection stages was analyzed and IFN-y, CCL5, and CXCL10 were found to be
significantly upregulated compared to IFN-y, the biomarker used in IGRA. Our results
further indicate that IFN-y levels significantly increased in individuals with MAP-
specific antibody, and CCL5 and CXCL10 levels significantly increased in those with
MAP DNA. In particular, CCL5 was significantly upregulated in individuals, in which
both MAP-specific antibody and MAP DNA were detected, but the expression of
CXCL10 was specifically elevated in MAP DNA-detected individuals without MAP-
specific antibody.

Key Words: Th-1 type chemokines, Paratuberculosis, Biomarkers, Cattle

INTRODUCTION

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of
Johne's disease (JD), which is characterized by chronic granulomatous enteropathy
in ruminants (1). When MAP is infected with calves, it takes a long latency period to
induce severe chronic diarrhea and consumption, leading to death (2). In addition,
although JD causes massive economic losses to the dairy industry, MAP is also
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recognized as an important public health issue because of its relevance to Crohn's disease (CD), a chronic inflammatory bowel
disease in humans (3, 4). MAP is a causative agent that is difficult to eradicate once it is inside the farm because it spreads
through feces and milk of the MAP-infected individuals at the asymptomatic stage. Therefore, in order to control the disease,
it is important to quickly diagnose and eliminate the infected individual.

Although fecal culture is the gold standard for the diagnosis of MAP, it is not widely used for diagnosis because of the long
cultivation periods of MAP and its contamination with other bacteria (5). To date, diagnosis of JD is focused at detecting
MAP-specific antibodies and MAP DNA in the sera and feces, respectively. Although polymerase chain reaction (PCR) can readily
detect MAP in feces and milk, PCR-based methods have low sensitivity and reproducibility because of PCR inhibitors present in
these samples (6). Enzyme-linked immunosorbent assay (ELISA) has been used for the detection of MAP-specific antibodies in
these samples, but it is not adequately sensitive. Moreover, as only the individuals that form antibodies to MAP can be detected
using ELISA, it is inefficient to diagnose MAP at the other infectious stages.

Recently, the interferon (IFN)-y release assay (IGRA), an alternative immune detection method has been used for the diagnosis
of tuberculosis (TB). It detects the release of IFN-y by immune cells after stimulation of whole blood with an M. tuberculosis-
specific antigen (7). IGRA is a powerful diagnostic tool and has replaced the tuberculin skin test (7). It is also used for mycobacterial
diseases such as JD, and IFN-x is one of the biomarkers currently in use. However, IGRA is also known to exhibit a low sensitivity
to immunocompromised patients and young children (8). Other studies have suggested that IFN-y alone is not sufficient for
the diagnosis due to the progression of mycobacterial disease (8). Therefore, other biomarkers that can improve IGRA need to
be urgently explored. In this study, we investigated the expression of Th1 type chemokines after MAP stimulation in the blood
of MAP-infected cattle to identify alternative biomarkers for IGRA.

MATERIALS AND METHODS
Experimental animals

All animal procedures were performed according to the guidelines of the Institutional Animal Use and Care Committee of the
National Institute of Animal Science. The protocol was approved by the Institutional Animal Use and Care Committee of the
National Institute of Animal Science (Permit number 2013-046). Thirty Holstein cows were selected by detection of MAP-specific
antibodies using a commercially available ELISA kit (IDEXX Laboratories, Inc., Westbrook, ME, USA), and MAP DNA using fecal
PCR (9). To accurately classify the cattle into the infectious stages, diagnosis was performed twice at a 6-month interval. The animals
were divided into four groups based on the results of PCR and ELISA: negative control group (n =5), ELISA and PCR negative;
group 1 (n =7), ELISA negative and PCR positive; group 2 (n = 10), ELISA positive and PCR negative; and group 3 (n = 8), ELISA
and PCR positive. According to the manufacturer's instructions, the ratio of optical densities of sample to positive control (S/P
ratio) was determined and the stages of JD were assigned using the S/P ratio. Additionally, the infected animals (groups 1~3;
n = 25) were divided into five groups based on the S/P ratio, as obtained from ELISA: EL200 group (n = 4), S/P ratio >200;
EL100 group (n = 5), S/P ratio <200 but >100; EL45 group (n = 4), S/P ratio <100 but >45; ELsup group (suspect/weak
positive; n =5), S/P ratio <45 but >21; and ELneg group (same as Group 1; n=7), S/P ratio <20.

Whole blood culture with MAP stimulation and total RNA extraction

Peripheral blood was collected from the tail vein of cattle for whole blood culture with nil stimulation (negative control), and
MAP-whole bacterial stimulation (1 x 10* cfu/ml). The stimulation was performed at 37°C for 20 h. Total RNA was extracted
from the blood samples using a PAXgene Blood RNA Kit (PreAnalytiX/Qiagen, Hilden, Germany) according to the manufacturer's
instructions.
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Table 1. Oligonucleotide primers used for quantitative RT-PCR

Gene Sequence (5'-3")

Forward CAAATTCCGGTGGATGATCTGC
IFN-y

Reverse GGCAGGAGGACCATTACGTT

Forward ACATAGCCAAGTCGGTCACG
CXCR3

Reverse CTCGGAACTTGACACCCACA
- Forward CCCAGCCAGCTGTGGTATTC

14

Reverse CTCGGAGCAGCTCAGTTCAA

Forward CTTCTGCCTCCCCATATGCC
ccLs

Reverse ACTTCTTCTCTGGGTTGGCG

Forward CTCTGACTGGAGTTCAAGGAGT
CXCl9

Reverse TCCCTTGGCTGGTGTTGATG

Forward CCACGTGTCGAGATTATTGCC
CcXcLio

Reverse TGCCTCTTTCCGTGTTCGAG

Forward AAGCATGAGTGTGAAGGGCA
CXCL717

Reverse AGGGAAACCTTGAACAATTGCAG

Quantitative RT-PCR

Total RNA was used to prepare cDNA with random primers using a QuantiTect Reverse Transcription Kit (Qiagen Inc., Valencia,
CA, USA) according to the manufacturer's instructions. The expression of representative Th1-type chemokine genes was
measured by quantitative reverse transcription real-time PCR. Real-time PCR reactions were performed using the Rotor-Gene
SYBR Green PCR Kit (Qiagen Inc.). The primers used in this study are listed in Table 1. Amplification was initiated at 95C for
10 min, followed by 40 cycles of 95T for 155, and 60T at 45 s. Expression levels were determined by the 2-**Ct method using
the housekeeping genes, f-actinand GAPDH, as references (10). The expression level of each gene was compared with that
of the nil stimulation to determine the fold change after 20 h of MAP stimulation.

Statistical analysis

Data are reported as the mean + standard error of the mean (SEM) of three or more independent experiments. Statistical
significance was determined by Student's #test using the IBM Statistical Package for Social Sciences software (SPSS, ver. 21;
IBM SPSS Inc., Chicago, IL, USA). Differences were considered significant if a p-value of < 0.05 was obtained.

RESULTS

As shown in Fig. 1A, IFN-y, CCL5, and CXCL10 showed a statistically significant expression in all the groups. In particular,
CXCL10 showed a significantly high expression in group 1 compared to the negative group or group 2 (0 < 0.05). IFN-y showed
a significantly increased expression in group 2 compared to the negative group (p < 0.05). CCL5 was significantly increased in
group 3 compared to the negative group (0 < 0.01) or group 2 (p < 0.05). CXCR3, CCL4, CXCLY, and CXCL11 showed no
significant differences in expression among the groups. Based on ELISA results, the expression of Th1 type chemokine genes
was significantly influenced (Fig. 1B). IFN-y significantly increased in EL45 and EL100 groups (p < 0.05). Rather, the individuals
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Figure 1. Gene expression profiles of Th1-type chemokines in whole blood from MAP-infected individuals after MAP stimulation.
(A) Analysis of gene expression of Th1-type chemokines in whole blood culture after 20 h of MAP-stimulation in each group.
Negative control group (n =5), ELISA and PCR negative; group 1 (n =7), ELISA negative and PCR positive; group 2 (n = 10),
ELISA positive and PCR negative; and group 3 (n = 8), ELISA and PCR positive. (B) Analysis of gene expression of Th1-type
chemokine in whole blood culture after 20 h of MAP-stimulation based on the ELISA results. Negative control group (n = 5),
ELISA and PCR negative; EL200 group (n = 4), S/P ratio >200; EL100 group (n =5), S/P ratio <200 but >100; EL45 group (n
=4), S/P ratio <100 but >45; ELsup group (suspect/weak positive; n = 5), S/P ratio <45 but >21; and an ELneg group (same as
group 1; n=7), S/P ratio <20. (C) Analysis of gene expression of Th-1 type chemokine in whole blood culture after 20 hours
of MAP-stimulation based on MAP DNA detection in feces. The expression level was determined by the 2-“Ct method in terms
of the g-actinand GAPDH expression levels relative to the control group (*, p < 0.05; **, p< 0.01).
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in the EL200 group exhibited low IFN-y values, and the IFN-x levels did not increase in the individuals with MAP-separated but
ELISA negative or weak positive. CCL5 gene was also significantly increased in the EL45 and EL100 groups compared to the
negative group or the weak positive group (o< 0.05). The ELISA results for other genes did show a significant gene expression
pattern, but the fold-change was less than 2 and had no diagnostic value. Finally, expression patterns of Th1-type chemokine
genes were analyzed based on whether MAP was isolated from each individual. As shown in Fig. 1C, the expression of IFN-y
was significantly increased in the ELISA-positive individuals without MAP isolation, and the expression of CCL5 and CXCL10
was significantly increased in MAP-isolated individuals.

DISCUSSION

JD manifests several stages of infection, such as silent, subclinical, clinical, and advanced cell infections, depending on the symptom
evaluation and quantification of intestinal MAP (11, 12). Additionally, the progression of mycobacterial infection has been
thought to be related to Th1 / Th2 migration of the host (13). In the early stage of infection, the cell-mediated CD4" T cell
response (Th1 response) to MAP is displayed (13). Th1 response decreases as the disease progresses, but the antibody response
(Th2 response) to MAP increases (13). Thus, since the Th1 / Th2 shift is related to disease progression and bacterial excretion,
many studies have determined the MAP infection stage based on detection of MAP and MAP-specific antibody in specimen
such as feces, milk, and sera (12, 14, 15).

The development of diagnostic methods that can distinguish between different stages of MAP infection can provide a basis
for providing effective treatment and defense strategies for MAP infection, since MAP has the distinct infection stages. For
development of novel diagnostic methods of JD, it is important to determine the mMRNA expression profiles of various immune
markers in individuals with infection at every stage. Here, expression levels of Th-1 type chemokines, CXCR3, CCL4, CCL5, CXCL9,
CXCL10, and CXCL11 were evaluated by IGRA using whole blood from MAP-infected cattle. We quantitatively analyzed the
MRNA expression profiles of these chemokines in different MAP infection stages and compared them with that of IFN-y, a
biomarker used in IGRA, to confirm the diagnostic value of these chemokines in MAP infection. Among the Th1 type chemokines,
IFN-y, CCL5, and CXCL10 were found to be significantly upregulated compared to IFN-y in the present study. In addition, IFN-y
levels significantly increased in individuals with MAP-specific antibody, and CCL5 and CXCL10 levels significantly increased in
those with MAP DNA. Above all, CXCL10 was specifically expressed in individuals of the subclinical stage, which was MAP
DNA-detected with ELISA-negative, and was expected to be detectable at the early state of MAP infection.

In the case of TB, CXCL9, CXCL10, and CXCL11 have been identified as potential alternative or complementary biomarkers to
improve the performance of IGRA (8, 16). CXCL9 and CXCL10 levels increased in the plasma of active pulmonary TB and
tuberculous pleurisy patients compared to healthy controls, and CXCL11 levels increased in the patients with latent TB (8, 16).
In this study, IFN-¥, CCL5, and CXCL10 were considered valuable biomarkers because of their different MAP-specific gene
expression patterns at different stages of MAP infection. In particular, IFN-y could be a significant discriminatory biomarker in
individuals at the MAP-specific antibody formation stage, and CCL5 or CXCL10 could be significant discriminatory biomarkers
in individuals in which MAP DNA is detected. Moreover, CCL5 levels were found to be significant in individuals in which both
MAP-specific antibodies and MAP DNA were detected. It is expected that CXCL10 could be used to diagnose individuals at the
subclinical stage, specifically in MAP-detected individuals, although no antibody was detected.

A number of researchers, including those in our team, have studied the changes in gene expression at different stages of infection
and have suggested genes that show significant changes at these stages (12, 14, 15). However, as JD is a chronic infectious
disease, the host gene expression pattern may vary depending upon the host condition. Therefore, it is not entirely accurate to
consider each individual gene whose expression has been changed as a biomarker. Thus, gene expression changes in immune
cells in blood culture after MAP-specific stimulation should be considered useful for diagnosis. As far as we know, this study
is the first study to evaluate Th1 chemokines as an alternative biomarker for MAP infections using IGRA. It is expected to be
applied to more clinical subjects for future study, and it would be promising to apply multiple mRNA detection methods by
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evaluating Th2-type chemokines or various applicable genes.
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