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Abstract
Mycobacterium avium subsp. paratuberculosis (Map), the etiologic agent of Johne's disease (JD)
in ruminants, has been implicated in the pathogenesis of Crohn's disease (CD) in humans. We
developed a bovine ileal cannulation model to facilitate comparison of the immune response to
Map and the mechanisms of pathogenesis in cattle and humans. Initial studies showed a T cannula
could be maintained for up to a year in calves without inducing inflammation or adversely
affecting intestinal function. Map introduced through the cannula established a persistent low level
of infection without inflammation. Infection elicited an immune response to Map antigens
detectable by flow cytometry. Further studies now show the cannulation model can be used with
cows during the later stage of infection, affording access to the target tissue at all stages of
infection. The studies also revealed no difference in infectivity or immunogenicity of isolates of
Map obtained from cattle or humans with CD. Comparison of the immune response to Map during
the early and late stages of infection using PCR, flow cytometry and QRT-PCR, showed the
immune response early in the disease process is dominated by CD4 T cells. A CD8 response is
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delayed but comparable at later stages of infection. Genes for pro-inflammatory cytokines IFN-γ
and the recently identified genes encoding IL-17 and IL-22 are up regulated in infected animals.
These findings reveal that both human and bovine isolates of Map can establish infection and
induce similar immune responses in a bovine model. They also reveal the cytokine responses
elicited in cattle are similar to those implicated in CD pathogenesis.

Keywords
Crohn's disease; Johne's disease; Mycobacterium avium subsp. paratuberculosis; animal model;
flow cytometry; cytokines

Introduction
Over the past few years, extensive studies have been conducted to determine whether
Mycobacterium avium subsp. paratuberculosis (Map) is involved in the pathogenesis of
Crohn's disease (CD), a chronic inflammatory bowel disease that occurs in humans. The
initial suggestion that Map may be involved was based on the apparent similarity in the
clinical manifestations of CD with Johne's disease (JD) a chronic enteritis in cattle caused by
Map (Dalziel, 1913; Crohn et al., 1932). Until recently, however, the difficulty in detecting
Map in affected tissues left open the question on the role Map might play in the
pathogenesis of CD. Improvements in methods of isolation and detection have now revealed
that Map can be detected in peripheral blood as well as in affected tissues from patients with
CD (Naser et al., 2009). The improved ability to detect Map has also shown the presence of
Map in patients with other types of disease (Autschbach et al., 2005; Bull et al., 2003;
Kirkwood et al., 2009) as well as healthy subjects (Juste et al., 2009). The importance of the
latter observation is that it appears that exposure and infection with Map is similar to other
domestic species (Juste et al., 2009; Singh et al., 2008). Exposure to Map leads to the
development of a protective immune response that controls but does not eliminate the
pathogen (Juste et al., 2009). This is similar to what is observed following exposure to M.
tuberculosis (Mtb); the majority of individuals infected with Mtb develop a latent infection
with only about 10% developing disease. Thus the question is whether Map is present in all
patients with CD or only a subset of patients. An answer to this question would provide
support for the contention that Map is the etiological agent of CD (Mendoza et al., 2010) or
that it is a modifying factor that plays a role in pathogenesis (Sibartie et al., 2010). Although
these questions remain to be answered, studies of CD show pathogenesis is associated with
an alteration in the functional interaction of regulatory T (Tr) cells and T cell subsets
secreting the newly identified proinflammatory cytokines IL-17 and IL-22 (Brand, 2009;
Hölttä et al., 2008; Schmidt et al., 2005; Fuss et al., 2006). Alteration in the function of these
components of the immune system are also involved in the pathogenesis of tuberculosis,
providing support for the hypothesis that a mycobacterial pathogen could be involved in the
pathogenesis of CD (Dheda et al., 2008; Robinson and Nau, 2008; Kursar et al., 2007;
Sharma et al., 2009).

The recent observation that Map DNA can be detected more frequently in the blood of
healthy humans and not just CD patients indicates a possible controlled infection (Juste et
al., 2009). Information on the immune response to Map is mainly from patients with CD.
The immune response to Map in healthy subjects as well as patients with CD has yet to be
fully characterized. Additionally, similarities in the immune response to Map in humans and
the natural host (ruminants) during the early and late stages of infection need to be
examined. Comparative studies would reveal the similarities and differences between the
mechanisms of pathogenesis in CD and JD. To facilitate such studies we developed a bovine
ileal cannulation model to study the mechanisms of pathogenesis of JD (Allen et al., 2009;
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Hines et al., 2007). The model provides an opportunity to conduct studies not possible in
humans. The initial observations with the model have shown an indwelling T cannula can be
maintained for over a year with minimal problems (Allen et al., 2009). Endoscopic
examinations have shown that the ileum remains patent and functional with minimal signs of
inflammation caused by the cannula. Bacteria are rapidly cleared in experimental infection
through the cannula, with Map becoming difficult to detect in biopsies within days post
inoculation (PI) even after multiple inoculations; no lesions or swelling of the mucosa are
detectable during the first year PI. A proliferative response to PPD and soluble antigen
extract that is dominated by CD4 memory T cells becomes consistently detectable by flow
cytometry 3 months PI. A CD8 T cell response to antigens is present but less pronounced
during the first months PI. The specific aims of our study were to examine whether the
model can be used at all stages of infection and to gain additional information on the
immune response to Map. We were specifically interested in whether it would be necessary
to conduct comparative studies using isolates of Map obtained from patients with CD versus
bovine isolates. To our knowledge studies have never been conducted to determine if
passage through humans alters infectivity or pathogenicity when re-introduced into the
natural host. We were also interested in whether the immune response to Map involves
newly identified T cell subsets producing IL-17 and IL-22.

Material and methods
Animals

Four Holstein bull calves were obtained from the Washington State University (WSU)
research dairy (127, 129, 131, 132). The dairy is a closed herd considered free of
paratuberculosis since it has had no cases diagnosed for over 35 years and because the dairy
performs periodic, whole-herd, Johne's enzyme linked immunosorbent assays (ELISA)
(IDEXX, Westbrooke, ME). All calves were removed from their dams at birth and were fed
4 liters of maternally derived colostrum. They were maintained in a Biosafety Level 2
(BSL-2) isolation facility for the duration of the study. At 8 weeks of age the calves were
cannulated as described (Allen et al., 2009). Three mixed breed adult cows were obtained
from regional dairies in Washington State with endemic Johne's disease (1181, 3696, 1111).
All three cows had clinical signs of JD and were positive via Johne's ELISA
(PARACHECK, Prionics, Switzerland). Cows were housed in an isolation facility, fed
alfalfa hay and provided with water ad libitum. All cows were fecal culture positive for Map
at necropsy.

Samples (mesenteric lymph nodes, ileocecal lymph nodes, and ileum) were collected from
the experimentally and clinically infected animals at necropsy. Samples were also obtained
from three 17-18 month old, mixed breed beef steers (from the WSU Meats laboratory) for
use as negative controls following necropsy of the animals used in the study. The steers
were considered negative for Map based on results showing intestinal mucosal tissues were
negative for Map by culture and PCR and also negative by fecal culture.

All protocols and procedures were approved by the Washington State University
Institutional Animal Care and use Committee.

Cannulation surgery
Cannulation surgeries involving the 4 calves were performed as previously described (Allen
et al., 2009). Two of the three Map infected, adult dairy cows were cannulated as described
with a modifications (Allen et al., 2009). Briefly; surgery of adult cattle was performed
while standing under regional anesthesia utilizing a right flank approach. Regional
anesthesia was provided via an inverted L block using approximately 200 ml of 2%
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lidocaine HCl (Turner et al. 1989). The remainder of the procedure including placement of
the canula was performed as described (Allen et al., 2009).

Bacteria and culture
Map isolates used in this study included Linda (ATCC 43015) and Ben (ATCC 43544),
isolates originally obtained from humans with CD (Chiodini et al., 1984). Both isolates were
fully characterized and shown to contain multilocus short sequence repeats (SSRs) of Map
genotypes identical to those obtained from cattle (Ghadiali et al., 2004). The isolates have
also been shown to carry typical bovine Map genotypes using whole genome scans with
comparative microarray hybridizations (Paustian et al., 2008).

Map isolates were prepared as a 1:1 mixture with 1×108 CFU diluted in 20ml of phosphate
buffered saline (PBS). A mixture of the two isolates was used due to the limited number of
calves available for the study. In addition, it was not clear whether either isolate would
establish and infection following passage through a human. Calves 127, 129, and 131 were
inoculated daily for a total of 3 days as described (Allen et al., 2009). Briefly, a size 20
French Foley catheter was inserted into the cannula, directed orally, and the cuff inflated
with air to obstruct ingesta flow. The inoculum was injected into the isolated section of
ileum via the Foley catheter and the catheter was left in place for 1 hour to facilitate
adequate bacterial-mucosal contact.

Endoscopic evaluation and Biopsies
Endoscopic evaluation was performed as described (Allen et al., 2009). Biopsies were
performed by inserting the gastroscope through the cannula into the ileum and directed
orally or aborally. Air was used to insufflate the intestinal lumen to facilitate advancement
of the scope. Following visual examination, a 2.8 mm biopsy instrument was inserted via the
endoscope port to retrieve 15 to 20 mucosal and submucosal biopsies from a range of areas
located within 10 cm of the cannula. Biopsies samples were obtained the day prior to
inoculation, weekly for 4 weeks, and then monthly for up to 10 months.

Polymerase chain reaction (PCR) for Map DNA detection
Biopsy and necropsy samples for PCR detection of Map DNA were stored in micro-
centrifuge tubes at -20° C until processed. The tissue DNA was extracted using a
commercial kit (DNeasy® tissue kits; QIAGEN Valencia, CA) as described by Quist et. al.
(Quist et al., 2002).

Oligonucleotide primers were derived from the DNA insertion sequence IS900. Primers are
shown in (Table I). The first step PCR reaction mixture consisted of 25 μl of Go Taq®
Green Master Mix (Promega, Madison, WI), 1 μl of (25 pmole/μl) upstream primer, 1 μl of
(25 pmole/μl) downstream primer, 5 μl of the DNA sample, 18 μl of nuclease free water.
The PCR cycling conditions included: 35 cycles at 95° C for 1 minute, 58° C for 1.5 minute,
and a final extension at 72° C for 1.5 minute in a Thermal cycler PCR System 9700 (Gene
Amp, Foster City, CA). The second step (nested) PCR reaction mixture consisted of 25 μl of
Go Taq® Green Master Mix, 1 μl of (25 pmole/μl) upstream primer, 1 μl of (25 pmole/μl)
downstream primer, 1 μl of the DNA sample, 22 μl of nuclease free water. The PCR cycling
conditions included: 25 cycles at 95° C for 1 minute, 58° C for 1.5 minute, and a final
extension at 72° C for 1.5 minute. Negative controls consisted of sterile water and DNA
extracted from intestinal mucosa samples taken from a JD negative animal. Map DNA
extracted from intestinal mucosa from a clinical cow was used as positive control. The
amplification product was analyzed using gel electrophoresis on 2% agarose gel.

Allen et al. Page 4

Vet Immunol Immunopathol. Author manuscript; available in PMC 2012 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RNA extraction and quantitative real time reverse transcriptase PCR (QRT-PCR)
Ileocecal and mesenteric lymph node tissues (50 to 100 mg) were collected from
experimentally infected and control calves at necropsy for analysis of cytokine profiles.
Tissues were snap-frozen in liquid nitrogen and stored at -80° C until processed. Similar
tissues were collected from three uninfected control steers and three naturally infected cows
(1181, 3696, 1111) for comparison of cytokine profiles. Tissue RNA was stabilized before
processing by adding 10 volumes of RNAlater®-ICE (Applied Biosystems, TX) and stored
at -20° C overnight. Tissue was transferred into a 2 ml screw cap tube containing 200 μl of 1
mm glass beads (BioSpec Products, Inc., OK) and 1 ml of TRIzol Reagent (Invitrogen, CA).
The tube was processed two times in a FastPrep®-24 instrument (MP biomedicals, CA) for
45 sec at a setting of 6.5 with a 5 min interval on ice. The tube was centrifuged at 12,000 × g
at 4° C. The supernatant was transferred into a new micro-centrifuge tube, and RNA
extracted. Genomic DNA contamination was removed with a Turbo DNA-free kit (Applied
Biosystems, TX), and 2μg of RNA were reverse transcribed to cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, CA).

The RT-PCR reaction mixture was prepared as a 20 μl volume by mixing Power SYBR
Green PCR Master Mix (Applied Biosystems, CA), template cDNA, and a gene specific
primer set for each gene listed in (Table I). QRT-PCR was performed using a StepOnePlus
Real-Time PCR System (Applied Biosystems, CA). After 40 cycles of amplification,
dissociation curves for each primer set were generated to confirm a single peak. The QRT-
PCR data were analyzed with StepOne software v2.1. Two housekeeping genes (β-actin and
GAPDH) were used as controls.

Culture of Tissues and Feces
Map was isolated from tissues and fecal samples as previously described (Allen et al., 2009).

Blood and tissue processing for flow cytometry
Blood was obtained from the control and experimentally calves and the clinically infected
cows to evaluate the immune response to Map antigens ex vivo using a flow cytometric
assay (Allen et al., 2009). Blood was processed for tissue culture and flow cytometry as
described (Koo et al., 2004; Allen et al., 2009). Johnin purified protein derivative (jPPD)
and a preparation of soluble antigen (SAg) were used to stimulate cultures of PBMC from
the control and infected animals (Allen et al., 2009).

Flow Cytometric Analysis
Flow cytometric analysis was performed as described (Allen et al., 2009). Freshly isolated
cells and preparations of cells cultured for 6 days were labeled with the following
monoclonal antibodies (mAb): CD335 (AKS1, IgG1)(a gift from A. Storset), CD2
(MUC2A, IgG2a), CD4 (ILA11A, IgG2a), CD8 (7C2B, IgG2a), CD25 (CACT116A, IgG1
and LCTB2A, IgG3), CD45R0 (ILA116A, IgG3), γδ TCR δ chain specific (GB21A, IgG2b)
(all other mAbs were obtained from the Washington State University Monoclonal Antibody
Center). Combinations of 3 or 4 mAbs were used to distinguish NK cells, CD4 and CD8 T
cell subsets, and CD2+ and CD2- γδ T cell subsets. CD2+ and CD2- γδ T lymphocytes
correspond to the two major WC1- and WC1+ subsets of γδ T lymphocytes respectively in
ruminants (Davis et al., 1996). The mAbs specific for CD4 and CD8 were combined with
CD45R0 to distinguish naïve versus memory T lymphocyte subsets. Anti-CD25 was
included in each combination to determine the proportion of activated proliferating cells in
each cell subset. CD335 was a gift from Anne Storset (Storset et al., 2004). The remaining
mAbs were obtained from the WSU Monoclonal Antibody Center.
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A FACSort flow cytometer equipped with argon and red lasers, a Macintosh computer, and
Cell Quest software (Becton Dickinson Immunocytometry Systems, San Jose, CA) was used
to collect data. FCS Express software (De Novo software, Thornton, Ontario, Ca) was used
to analyze data. The gating strategy used to obtain the data is illustrated in Figure 1.

Histopathology
Biopsy specimens and ileal tissue samples obtained at necropsy were fixed in 10% neutral
buffered formalin, embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin
and eosin (HE) for morphologic evaluation (Rosadio et al., 1988). Replicate sections were
stained with Fite's acid fast stain and examined at 400 × magnification.

Statistics analysis
One way ANOVA with repeated measures and Newman-Keuls multiple comparison tests
were used to compare pre-inoculation flow cytometric data to 4, 5, and 11 month post
inoculation data (PI). CD4 and CD8 CD25 RPMI (non- antigen stimulated) control samples
were subtracted from antigen stimulation samples to show the difference post stimulation.
Data were transformed using arcsin to normalize data from percentages. An unpaired t-test
was run on GraphPad Prism 5 (GraphPad Software, INC. La Jolla, CA 92037 USA) to
compare flow cytometric data from clinically infected cows to data from calves 11 months
PI. One way ANOVA and Newman-Keuls multiple comparison tests were used to compare
cytokine levels between negative control animals and experimentally and clinically infected
animals.

Results
Animal health

All 4 cannulated calves recovered without complication from surgery. Ileal cannulas were
largely well tolerated, producing no adverse systemic effects, only minor, local, superficial
skin irritation that was readily treated. While all calves remained healthy throughout the
duration of the study, at 5 months post inoculation, calf 131 developed more marked
irritation around the cannula necessitating its removal. The infection resolved following
removal of the canula. The calf remained in the study for 4 more months without access to
the ileum for biopsies. Calf 129 was euthanized 11 months post inoculation due to leg
fracture. Calf 127 was maintained for 15 months PI. Clinically affected cows were
maintained for one week post cannulation surgery to demonstrate the technical feasibility of
cannulation in older infected animals and to obtain FC data on the proliferative response
following antigenic stimulation. The cows were then necropsied to obtain tissue and cells for
FC and QRT-PCR analysis.

Endoscopic evaluation of ileum over time
Calves 129, 131 and 132 possessed grossly normal appearing ileal mucosa on endoscopic
evaluation throughout the trial (Fig. 2). At 10 months post inoculation, the ileal mucosa of
calf 127 appeared mildly thickened and corrugated. Thickening of the ileal mucosa was
clearly evident in clinically affected cows (Fig. 2).

Detection of Map in tissues and Feces
Two of three experimentally inoculated calves (127 and 129) were culture positive for Map
on biopsy tissues obtained endoscopically at 10 months post inoculation. All experimentally
inoculated calves possessed culture positive tissues obtained at necropsy. Tissue and feces
obtained from the uninfected control calf (132) were Map culture negative during the entire
study.
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Map DNA was obtained from biopsy samples from all 3 infected calves including: 8 of 11
samples for calf 127, 3 of 11 for calf 129, and 1 of 6 samples for calf 131 (Table II). Culture
and PCR positive preparations of tissue were also obtained from the clinical cows at
necropsy.

Fecal samples from infected calves and the negative control calf were culture negative
during the duration of the study.

Flow cytometric (FC) analysis of PBMC
The FC results with PBMC from the calves infected with the human isolates of Map were
very similar to the results obtained from calves infected with bovine Map isolates (Allen et
al., 2009; Koo et al., 2004) and naturally infected cows. CD4 lymphocytes comprised an
average of 18.65% (14.02% - 27.16%) in calves and 17.08% (8.31% - 26.66%) in clinical
cows, of total lymphocyte population at the initiation of 6 day cultures. At 4 months post
inoculation, CD25 was consistently up regulated on proliferating CD4 memory T cells from
experimentally infected calves compared to the uninfected control (Fig 3). Because data for
SAg and jPPD were essentially identical, only data for jPPD are shown. CD8 lymphocytes
comprised an average of 10.96% (8.12% - 14.72%) in calves and 9.78% (4.48% - 13.85%)
in clinically infected cows at the initiation of culture. The CD8 response was less vigorous
than CD4 responses during the first months PI in experimentally inoculated calves. In
contrast, there was a strong CD4 and CD8 proliferative response to SAg and PPD with
PBMC obtained from cows at the late clinical stage of infection (Fig. 3).

Pre inoculation γδ T cells comprised an average of 24.48% (22.38% – 29.41%) of the total
lymphocyte population at the beginning of culture for calves and 8.07% (3.88% - 17.41%)
for clinically infected cows. WC1+ CD2- cells averaged 19.27% (15.38% - 25.96%) in
experimentally inoculated calves and 5.89% (3.24% - 11.56%) in clinically infected cows.
WC1- CD2+ cells averaged 5.21% (3.45% - 8.20%) in calves and 2.17% (.22% - 8.71%) in
clinically infected cows. The γδ T cells did show an increase in expression of CD25,
however, the increase was inconsistent in cells cultured with and without antigen, consistent
with previous observations (Koo et al., 2004).

NK cells comprised an average of 6.26% (2.81% - 11.09%) of the total lymphocyte
population at the beginning of 6 day cultures in calves and 3.77% (1.02% - 9.91%) in
clinically infected cows. CD2+ NK cells averaged 5.48% (2.23% - 10.43%) in calves and
2.9% (.87% -7.52%) in clinically infected cows while CD2- NK cells averaged .78% (.58% -
1.24%) and 1.04% (.15% - 2.39%) respectively. As previously noted, the NK cells
proliferated in the presence and absence of antigen in some cultures (Allen et al., 2009). NK
cells from the control negative animal did not proliferate in culture.

QRT-PCR
Gene profiles of cells present in samples of the ileocecal (ILN) and mesenteric lymph nodes
(MLN) were obtained for analysis from 3 experimentally inoculated calves and three
clinically infected cows. Data are only shown for the ILN since results were similar to the
MLN (Fig. 4). Analysis revealed up regulation of multiple cytokine genes in both the
experimentally infected calves and clinical infected cows in comparison to control animals.
Of particular interest, expression of genes encoding IFN-γ, IL-22, and IL-17 were up
regulated in experimentally and clinically infected animals in comparison with controls.
(Fig. 4).
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Histopathology
There were very few histopathological changes seen in tissues from the experimentally
infected calves except for a transient infiltration of eosinophils during the first month PI.
Very few multinucleated giant cells were visualized in any of the biopsy and tissue samples
examined at necropsy. No acid fast bacteria were observed in tissues from the control and
experimentally infected calves. In contrast, multinucleated giant cells containing acid fast
bacteria were abundant in ileal tissues from clinically infected cows.

Discussion
The present study extends our initial observations that demonstrated an indwelling ileal
cannula can be maintained in calves for up to 15 months, affording continuous access to
study the interaction of Map with mucosal tissues. As demonstrated here, it is also possible
to introduce and maintain cannulas in adult cows during the later clinical stage of infection.
This finding indicates that this model can be used at all stages of infection to compare the
immune response to Map in cattle with the response in humans. Initial use of the model has
provided information on infectivity and the early immune response to Map isolates from
bovine and human origin compared to the response in naturally infected cows at the late
stage of infection. These findings reveal similarities to the immune response to Mtb and that
pathogenesis involves the regulatory networks implicated in pathogenesis of CD.

Sequence analysis of bovine-origin and human-origin isolates used in this study (the first
isolates obtained from patients with CD (Chiodini et al., 1984)) revealed that the SSR
genotypes and genome contents are indistinguishable (Ghadiali et al., 2004; Motiwala et al.,
2004; Paustian et al., 2008). Moreover, 52% of one of the bovine isolates analyzed in this
survey showed they had the same single SSR genotype (7g-4ggt) as the one present in the
isolate from humans. In addition, comparative transcriptional analysis of the human and
bovine isolate responses following phagocytosis by primary cultures of bovine macrophages
showed no appreciable difference in response, indicating that there is little or no functional
difference in human isolates versus bovine isolates in in-vitro macrophage studies (Zhu et
al., 2008). Similarly, no appreciable differences were observed in the cytokine responses to
the bovine and human isolates following phagocytosis by a human macrophage cell line
(THP-1), indicating that human isolates did not differ in their capacity to infect macrophages
(Motiwala et al., 2006). As shown in the present study, no differences were observed in the
capacity of the human isolates to infect, persist, and elicit an immune response compared to
isolates from cattle. The studies extend our previous findings on the early and late stages of
infection and offer initial evidence that the same cell subsets are involved in the immune
responses of JD and CD. Exposure to Map through ingestion, direct inoculation into the
peritoneum, or introduction directly into the ileum leads to a persistent infection (Allen et
al., 2009; Koo et al., 2004; Stabel et al., 2009; Sweeney et al., 2006) and development of
CMI that controls infection during the early stages of disease. The response is characterized
by the development of a vigorous CD4 and less vigorous CD8 T cell response to Map
antigens during the first year PI. The CD8 response increases over time and is more evident
in experimentally infected animals maintained for over a year (Koo et al., 2004) and
naturally infected clinically diseased animals as seen in this study.

We observed that γδT cells comprised a much higher proportion of PBMC in calves; both
experimentally infected and in negative controls than in adult cows. This is attributable to a
normal physiological change that occurs as calves age. Wyatt et al. have shown that the
WC1+ γδT cell frequency decrease as animals age (Wyatt et al., 1994). As noted previously,
activation and proliferation of γδT and NK cells was inconsistent. They proliferated in some
cultures and not others. No clear difference was observed between cells cultured with and
without antigen (Koo et al., 2004).
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As noted in the present study, there was an increase in expression of IFN-γ, IL-22, and IL-17
message in ileocecal lymph nodes obtained from experimentally and naturally infected
animals compared to ileocecal lymph nodes obtained from negative control animals. Of
interest, T cell clones derived from intra-lesional biopsies from CD patients also exhibited
high expression of IL-17 and IFN-γ message. The IL-17/IL-23 axis of the immune response
appears to be involved in the pathogenesis of CD, with IL-23 playing a pivotal role in
regulating induction of Th17 cells and Tregs. An additional proinflammatory cytokine,
IL-22, may also be involved (Brand, 2009). CCL20, a chemo-attractant chemokine secreted
by activated mucosal epithelial cells appears to play a role in attracting CCR6+ Th17 cells to
areas of inflammation where they secrete IL-17 and IL-22 and contribute to maintenance of
the inflammatory response (Brand, 2009).

Conclusion
The recent advances in elucidating the mechanisms of pathogenesis of CD and TB and our
findings that the same cell subsets appear to be involved in the pathogenesis of JD provide
insight into how Map could be involved in the pathogenesis of CD. Disease progression is
associated with dysregulation of the IL-23/IL-17 axis and regulatory activity of Foxp3+ Tr
cells in TB (Kursar et al., 2007; Sharma et al., 2009; Khader and Cooper, 2008; Dheda et al.,
2008; Scriba et al., 2008) and CD (Fuss et al., 2006; Hölttä et al., 2008; Saruta et al., 2007).
As noted in our studies, increased levels of IFN-γ, IL-17 and IL-22 have also been observed
in cells from the mesenteric lymph nodes of patients with CD (Sakuraba et al., 2009; Brand
et al., 2006). Further studies are clearly needed for comparison of the immune response to
Map in cattle and humans. The bovine ileal cannulation model affords an opportunity to
investigate the mechanism of pathogenesis in the natural host and show how closely
pathogenesis compares with CD at the cellular and molecular level.
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Figure 1.
Representative dot plots of CD4 T cells labeled with anti-CD4, -CD45R0, and -CD25,
showing the gating strategy used to electronically isolate activated proliferating cells for
analysis, (SSC vs FSC). Panel A, electronic gates were used to identify and color code
resting (red) and activated proliferating (blue) cells. Panel B, an additional gate was used to
isolate cell subsets for analysis (FSC vs CD4). Panel C, gated CD4 cells showing relative
proportion of naïve and CD25- and CD25+ memory CD4 T cells. Panel D, gated CD4 cells
showing the proportion of naïve and memory T cells expressing CD25. Panels E and F,
additional gates were placed on resting and activated cells to show the relative proportion of
resting and activated naïve and memory CD4 cells expressing CD25. Note that all activated
CD4 cells expressed CD25. For presentation of the data, the proportion of activated cells
present in preparations of PBMC cultured in RPMI alone (as shown in panel C) were
subtracted from the proportion of activated cells present in preparations of PBMC cultured
in jPPD or SAg.
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Figure 2.
Three endoscopic pictures of cannulated ileums. Picture A is of a normal ileum from the
control negative calf 132. Picture B is from calf 129 (experimentally inoculated) with little
to no changes in the ileal mucosa, and picture C shows the corrugated thickened appearance
of the ileal mucosa from a naturally infected cow 1181 with clinical Johne's disease.
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Figure 3.
Comparison of the expression of CD25 on activated CD4 and CD8 memory cells. The first
bar shows pre-inoculation samples that were taken from all of the calves. The second bar
shows the mean of the control negative calf sampled over 3 time points and bars 3-5 show
the means of the inoculated calves at 4, 5 and 11 months PI. Bar 6 shows expression of
CD25 on cells from clinical cows was similar to the expression on cells from experimentally
inoculated calves. Asterisks indicate statistical significance difference P < .05 compared to
pre inoculation results. Results from clinical cows were not significantly different from
results from calves 11 months PI.
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Figure 4.
Cytokine gene expression from ileocecal lymph nodes from clinically (naturally) infected
cows (CI) n = 3 and experimentally inoculated calves (EI) n = 2 compared to negative
controls (NC) n = 3. Control negative values were set at 0. IFN-γ and IL-22 are statistically
significant with a P > .05.
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Table I

Nucleotide sequences of Nested PCR and RT-PCR primers.

Target gene Forward (5′ – 3′) Reverse (5′-3′) Source

Nested PCR Primers

IS900(1st set) GTTCGGGGCCGTCGCTTAGG GAGGTCGATCGCCCACGTGA (Chamberlin et al., 2001)

IS900(2nd set) ATGTGGTTGCTGTGTTGGATGG CCGCCGCAATCAACTCCAG

RT-PCR Primers

β-actin GGAATCCTGCGGCATTCAC GGATGTCGACGTCACACTTCA This study

GAPDH GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG (Stabel et al., 2009)

IFN-γ CTTGAATGGCAGCTCTGAGAAA TGCAGATCATCCACCGGAAT (Sweeney et al., 2006)

IL17 GGACTCTCCACCGCAATGAG TGGCCTCCCAGATCACAGA This study

IL22 GAGGTGCTGTTCCCCCAAT GAAGGGCACCACCTTTTCC This study
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