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Johne’s disease in ruminants results in chronic enteritis caused by the pathogenic bacterium Mycobacterium
avium subsp. paratuberculosis. This study examined two M. avium subsp. paratuberculosis strains (JD3 and W),
using different doses and routes of infection, to establish the optimal time postchallenge when predictable
levels of infection, gut lesions, and clinical disease occur in a large proportion of sheep. While a small
proportion (25%) of sheep challenged with a low-passage-number laboratory culture of M. avium subsp.
paratuberculosis (strain W) became infected, no infection was found in animals exposed to a high-passage-
number culture isolate of strain W. In contrast, a primary tissue homogenate of M. avium subsp. paratuber-
culosis (JD3) resulted in high (90%) infection rates and gut histopathology following oral or intratonsillar
challenge. The optimal conditions necessary to produce Johne’s disease involve oral inoculation of 3-month-old
lambs with four doses of 5 x 10° CFU of M. avium subsp. paratuberculosis isolated directly from the gut
Iymphatic tissues of clinically affected sheep. This resulted in consistent gut histopathology at 9 months and
the onset of clinical disease by 11 months postchallenge.

Johne’s disease is a widespread and economically important
chronic bacterial infection found in domesticated and wild
ruminants. The disease is caused by infection with Mycobacte-
rium avium subsp. paratuberculosis, and it can take years before
clinical signs are evident. The disease is manifested as a
chronic enteritis leading to reduced production, weight loss,
and eventually death (23). Chronic enteritis causes malabsorp-
tion of protein and essential nutrients across the gut and in the
later stages results in net protein loss (13). Johne’s disease has
been observed in sheep, cattle, and more recently, farmed deer
(2, 17). In New Zealand, the first reported case of Johne’s
disease in sheep was in 1952 (1), and since that time it has
become recognized as one of the most important production-
limiting infections of ruminants. Currently available diagnostic
tests and vaccines are less than optimal (23).

Few studies have used an experimental model of Johne’s
disease in sheep using the “ovine” strain of M. avium subsp.
paratuberculosis to establish infection and disease. There is
a need to develop an infection model that reliably produces
clinical disease so that improved immunodiagnostics and
vaccine efficacy studies for the prevention of infection, pa-
thology, and clinical disease can be better understood. Most
sheep models use oral inoculation as the preferred route of
challenge, as this closely mimics naturally occurring infec-
tion or disease (7, 26, 33, 40, 41). The dose of the inoculum
and the number of doses used have varied markedly be-
tween the different infection models used to date, with doses
from 10° CFU to 10'"° CFU reported to cause infection (7,
35). While lower doses can establish infection in 50% of
challenged animals, they do not appear to produce clinical
disease. Sheep challenged with M. avium subsp. paratuber-
culosis isolated from cattle, deer, and sheep become infected
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or develop clinical disease (3, 4, 7, 16, 24, 40). The infecting
bacteria can be either a direct tissue isolate (22, 24, 44) or
passaged by serial laboratory culture (42, 44) in vitro. While
“bovine” strains of M. avium subsp. paratuberculosis are
known to infect many species, including sheep (2, 41), nat-
urally occurring Johne’s disease in New Zealand and Aus-
tralian sheep flocks appears to be predominantly due to the
ovine strain, which seems to be more host species specific
(31). Reddacliff and Whittington (40) have used an IS/371-
typed ovine strain of M. avium subsp. paratuberculosis and
demonstrated high infection rates (100%) in merino lambs
given 107 CFU and necropsied within 14 weeks of challenge.
Stewart et al. (41) found that five sheep given 10'® CFU of
a direct tissue isolate of ovine M. avium subsp. paratubercu-
losis became fecal culture positive and that one developed
clinical disease. In contrast, none of five animals were fecal
culture positive or developed clinical disease following ex-
posure to an equivalent dose of laboratory-cultured M.
avium subsp. paratuberculosis (41).

Routes of infection have included oral challenge directly
or via a stomach tube, inoculation into the crypt of the
tonsil, and intravenous injection (15, 24, 27, 34, 39). These
approaches have shown various results, with dissemination
of M. avium subsp. paratuberculosis throughout the body,
including the gut, and in some studies clinical disease was
observed (24, 27, 34, 39). Variations in the findings from
different studies may have been influenced by both the spe-
cies and breed of animal used and also by variations in the
strain and dose of M. avium subsp. paratuberculosis used to
establish experimental infection.

The main objective of this study was to establish an optimal
challenge protocol for ovine M. avium subsp. paratuberculosis
that would result in predictable levels of infection and disease
at defined time points postchallenge. A secondary objective
was to examine the immune profiles of animals from infection
to the onset of clinical disease.
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MATERIALS AND METHODS

Ethical approvals. The animal experiments carried out for this study were
approved by the Invermay AgResearch Animal Ethics Committee (approval
numbers P453, P499, P518, and P594).

Experimental animals. The experimental sheep comprised 152 merino lambs,
all of which were castrated males. The lambs were selected from flocks in which
no Johne’s disease had been previously observed and were held with ewes until
weaning at 3 months of age. The absence of M. avium subsp. paratuberculosis
infection in the foundation flocks was confirmed by fecal culture. After weaning,
lambs were randomly allocated to experimental treatment groups as required.
The lambs were managed under conventional New Zealand sheep farming con-
ditions in open paddocks.

Challenge strains of M. avium subsp. paratuberculosis. Two different strains of
M. avium subsp. paratuberculosis (JD3 and W) were used to challenge sheep in
this study. Both strains were obtained from clinically diseased sheep after nec-
ropsy, determined to be 1S900 positive by PCR, and typed as ovine strains by
1S1311 PCR-restriction enzyme analysis (31). The JD3 strain was isolated from
the jejunal and ileocecal lymph nodes of a clinically diseased sheep from Central
Otago, New Zealand. This strain was given to the challenged sheep as a direct
tissue homogenate. The W strain was isolated from a diseased sheep in South-
land, New Zealand, and used as a laboratory culture. A low-passage-number (3
passages) culture of strain W was compared with a continuously passaged (>10
passages) culture to monitor experimental infection. The numbers of organisms
present in tissue homogenates or cultures were estimated by microscopic count-
ing with phase contrast, and the numbers of CFU of bacteria were confirmed
retrospectively by plate culture. There were consistently low levels of bacterial
contamination when M. avium subsp. paratuberculosis was obtained directly from
lymphatic tissues recovered aseptically from animals at necropsy.

Establishment of pathology in sheep exposed to high-dose challenge with M.

avium subsp. paratuberculosis. An experiment was designed to establish the
minimum time necessary between infectious challenge and the development of
histopathological changes within the intestines of artificially challenged lambs. A
high-dose challenge was chosen to ensure that predictable disease outcomes
would be found. A group of 30 12-week-old lambs were challenged orally with
four doses, each containing 1 X 10° CFU, of M. avium subsp. paratuberculosis
(JD3) obtained from tissue homogenates from the gut lymphatics of a clinically
affected sheep. Doses were delivered to the lambs at 3-day intervals over a
2-week period. While the experimental protocol premised the use of inoculating
doses of 5 X 10® CFU, retrospective plate counts confirmed that the inoculum
contained 1 X 10° CFU. A group of 10 unchallenged control lambs were kept
separate from the challenged sheep. The lambs were bled prior to infection and
at regular intervals thereafter. Animals were necropsied electively at 6, 9, and 10
months postinfection, at which time histopathological examination and culture
for M. avium subsp. paratuberculosis were performed.
p t of clinical disease. In an attempt to establish
clinical disease in lambs following the experimental challenge, a group of 30
lambs were infected and their immune responses monitored until disease became
evident through significant weight loss and a failure to thrive. Each lamb received
an oral dose of 5 X 10® CFU of the direct tissue homogenate of M. avium subsp.
paratuberculosis (JD3) as a 1-ml inoculum suspended in pasteurized homoge-
nized milk. Further challenges were given 2 and 3 weeks after the initial infec-
tious dose. Ten unchallenged control animals were used as “sentinels” and
managed in direct contact with the group of challenged lambs. All animals were
weighed and serial blood samples were taken at challenge and at monthly
intervals until slaughter. A group of six randomly selected animals were culled at
13 months postchallenge to screen for subclinical pathology. An elective slaugh-
ter protocol was used to target all clinically affected animals. Any animals that
lost 10% of their maximum weight while still growing were culled. Animals losing
15% of their weight when fully grown were culled, except during winter, when the
limit was raised to 18%. A further group of 30 lambs were challenged orally with
a high dose (1 X 10° CFU) of a continuously passaged (>10 passages) laboratory
culture of M. avium subsp. paratuberculosis (W).

Route and strain of challenge. We explored whether the oral route of chal-
lenge was mandatory or if an oropharyngeal challenge via the tonsil could
produce a representative infection and disease in the infection model. We also
explored what impact different strains of M. avium subsp. paratuberculosis might
have on disease outcomes. Forty-two merino lambs were randomly assigned to
four groups: three groups of 12 were challenged with M. avium subsp. paratu-
berculosis, and a group of six unchallenged animals were used as sentinels. The
first group of 12 animals were given a 1-ml oral dose of 5 X 107 CFU/ml of M.
avium subsp. paratuberculosis isolated directly from gut tissue homogenates from
an infected merino sheep (JD3). The second group was challenged by injecting
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a 200-pl dose (2.5 X 10% CFU/ml) of the direct tissue homogenate of M. avium
subsp. paratuberculosis (JD3) into the tonsillar crypt using a blunt 18-gauge
needle. The third group of 12 animals were given a 1-ml oral dose of 1 X 10°
CFU/ml of a low-passage-number (three passages) laboratory culture of M.
avium subsp. paratuberculosis strain W. It was hypothesized that laboratory
cultures of strain W could have reduced virulence, as an earlier study showed
that a challenge with continuously passaged (>10 passages) M. avium subsp.
paratuberculosis strain W (1 X 10'° CFU) failed to establish infection or disease.
As a result of this, a high dose (1 X 10° CFU) of low-passage-number strain W
was used and compared with a lower dose (5 X 107 CFU) of the direct tissue
homogenate (JD3). One month later, all three groups were given a second
challenge. The animals were electively culled at 7, 12, 14, and 16 months post-
challenge to determine when representative pathology first became evident.

Necropsy. All animals were euthanized humanely using either a captive bolt
gun or injection with barbiturate into the jugular vein. Samples taken included
several sections of the jejunal lymph nodes (anterior, middle, and posterior
JJLN), the ileocecal lymph node (ICLN), three sections of jejunum (anterior,
middle, and posterior JJ), the terminal ileum, the ileocecal valve, the spleen, and
the prescapular lymph node.

Gross visible lesions. Gross macroscopic pathological changes were classified
into one of the following three categories. Minor lesions are defined as a small
number of palpable granules (<10) in the jejunal lymphatic (lacteal) ducts, with
slight thickening of the jejunum or enlargement of the JJLN. Moderate lesions
are defined as many (>10) granules (usually) present in the jejunal lymphatic
ducts, with enlarged JJLN, ICLN, and/or a thickened ileum or jejunum. The
mesentery may also be thickened with some cording apparent. Severe lesions are
granulomatous lesions in the lymphatic ducts or gut lymph nodes, enlarged JJLN
and ICLN, and/or thickening of the jejunum and ileum, with cording of the
mesentery and numerous lymphatic granules.

Histology. Once samples were removed from the animal, they were placed in
10% buffered formalin. Sections were cut to 4 to 5 pm using a rotary microtome.
Duplicate slides were stained using an automatic stainer (Shandon Linisatin
GLX) with hematoxylin and cosin and Ziehl-Neelsen stain. Histological lesions
were graded on a numerical scale from 0 to 3, using the criteria outlined by Perez
et al. (37), as follows: grade 1, focal granulomata within the Peyer’s patch
lymphoid tissue or the lamina propria only; grade 2, focal granulomata within the
Peyer’s patch lymphoid tissue, with extension into the surrounding lamina pro-
pria; and grade 3, gross lesions evident upon macroscopic examination, with
widespread inflammatory infiltrates throughout the lamina propria and submu-
cosae.

Lymphocyte transformation (LT) assay using peripheral blood leukocytes. A
10-ml heparinized Vacutainer of blood was centrifuged at 1,260 X g for 15 min.
The buffy coat was removed and washed by centrifugation in 45 ml of phosphate-
buffered saline (PBS). The cells were resuspended in 5 ml of 10% sheep serum
(Gibco BRL, Grand Island, NY) made up in RPMI 1640 (Gibco BRL) with
L-glutamine and gentamicin (Gibco BRL). One hundred microliters of cells were
plated in a U-bottomed 96-well plate (Nunc Denmark), and 50 pl of antigen or
mitogen was added to replicate wells. The concentrations of mitogen and antigen
used for the assay were as follows: concanavalin A (Sigma), 50 pg/ml; and
purified protein derivative from M. avium subsp. paratuberculosis (PPDj; CSL),
50 wg/ml. The plates were then incubated under humidified conditions for 3 days
at 37°C in a 5% CO, atmosphere. Fifty microliters of [H*]thymidine (Amersham
Pharmacia, Piscataway, NJ) with a specific activity of 10 wCi/ml was added to
each well, after which the cells were incubated for a further 18 h and harvested
(Cambridge Harvester, Watertown, MA) and the radioactivity counted in a
Wallac 1205 Betaplate counter (Turku Finland). Results were expressed in
counts per minute.

Isolation of mononuclear leukocytes from lymph nodes for lymphocyte trans-
formation assays. Lymph nodes were removed aseptically from the animal im-
mediately following slaughter, placed into a petri dish with 30 ml of RPMI
containing 2% fetal calf serum (FCS; Gibco BRL), and macerated using a scalpel
and forceps. The medium containing the cells was poured through a 70-um cell
strainer (Becton Dickinson) into a 50-ml conical tube and held on ice during
transportation back to the laboratory. The cells from the lymph nodes were
layered onto 7.5 ml of Histopaque (Sigma) (8 1.083) and centrifuged at 450 X g
for 60 min. The cells at the interface were removed, washed in 35 ml of PBS, and
centrifuged at 340 X g for 15 min. The live mononuclear cells from all tissues
were counted and adjusted to 2.5 X 10° cells/ml in RPMI supplemented with
10% FCS. Mitogens and antigens were used at the following concentrations:
concanavalin A, 25 pg/ml; pokeweed mitogen (Sigma), 6.25 wg/ml; and PPDj, 25
pg/ml. The plates were incubated for 4 days at 37°C in 5% CO, before the
addition of [H*|thymidine (10 wCi/ml).
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TABLE 1. Incidence of infection and disease in sheep at different time intervals following oral infectious challenge with M. avium
subsp. paratuberculosis

No. of animals with gross

Time (mos) from challenge visible lesions at

No. of animals with

Mean histology No. of animals with

to necropsy* necropsy/total no. of positive histology/total grade positive culture/total
animals
6 0/10 0/10 0.0 2/10
9 2/10 9/10 1.3 10/10
10 6/10 8/10 2.1 9/10

@ The challenge comprised four doses of 1 X 10° CFU of M. avium subsp. paratuberculosis (JD3) administered orally over 2 weeks. No weight loss was evident in

any of the animals.

ELISA. An enzyme-linked immunosorbent assay (ELISA) for the detection of
antibodies was adapted from a method previously described by Griffin et al. (18).
Flat-bottomed microtiter plates (Nunc Maxisorp immunoplate) were coated with
50 pl of the antigen PPDj (12.5 wg/ml). Following washing (six times) of the
plates, 50 pl of plasma, diluted 1:100 with wash buffer, was added to duplicate
wells. Plates were incubated at 37°C for 1 hour and then washed six times in wash
buffer. A horseradish peroxide-labeled rabbit anti-sheep antibody (Dako), di-
luted 1:2,000 in wash buffer, was used to detect the primary antibody. After
incubation at 37°C for 30 min, the plates were washed again. One hundred
microliters of substrate solution (citric acid plus NaHPO, plus o-phenylenedi-
amine dihydrochloride [Sigma] plus H,O,) was added to each well. The plates
were left in the dark for 20 min at room temperature, and then 50 wl of 4 M
H,SO, was added to each well to stop the reaction. The plates were read in an
ELISA reader (Bio-Rad model 3550 microplate reader) at 490 nm, and the
results were expressed in ELISA units (EU) as follows: EU = (sample optical
density — negative control optical density) X 100.

IFN-y assay. The gamma interferon (IFN-vy) assay used a proprietary Bovigam
kit (CSL) to detect IFN-y. Briefly, 1.5 ml of blood or cells (isolated from lymph
nodes at 2.5 X 10° cells/ml) was placed into each of four wells of a 24-macrowell
plate (BD Falcon). Each well was stimulated with 100 pl of one of the following
antigens or mitogen: saline control, PPDa (300 pg/ml), PPDj (300 pg/ml), and
pokeweed mitogen (100 wg/ml). After 24 h of whole-blood culture at 37°C, the
plasma supernatant was removed and frozen at —20°C until required. An anal-
ysis of IFN-y was performed using the standard protocol outlined for the Bo-
vigam ELISA kit.

Flow cytometric analysis of isolated cells. Isolated leukocytes were resus-
pended to a concentration of 1 X 10° cells/ml in PBS containing 2% FCS. The
cells were centrifuged at 340 X g for 7 min, after which the medium was removed
and antibodies to the following cell surface markers were added: CD4 (44.97),
CD8 (38.65), ¥d T-cell receptor (86D), CD25 (9.14) (all supplied from the
Centre for Animal Biotechnology, University of Melbourne), and a B-cell
marker (BAQ155A; supplied by Veterinary Medical R&D, Pullman, Washing-
ton). The cells and antibodies were mixed well and placed on ice to incubate for
30 min. Unbound antibodies were removed by washing with 2% FCS in PBS. A
fluorescein isothiocyanate-labeled secondary antibody (donkey anti-mouse im-
munoglobulin G; Jackson Immunochemicals) was diluted 1/40 with 2% FCS in
PBS. Ten microliters of the diluted secondary antibody was added to the cells.
The cells and antibody were mixed and incubated on ice in the dark for 30 min.
The cells were then washed once with 2% FCS in PBS and again with fluores-
cence-activated cell sorting (FACS) buffer (5% FCS and 1% sodium azide in
PBS). After the final wash, the cells were resuspended in 500 wl of FACS buffer
and 500 wl of 1% paraformaldehyde in PBS. The stained cells were then analyzed
in a FACScalibur instrument (Becton Dickinson).

Microbial culture of M. avium subsp. paratuberculosis. Once removed from the
animal, samples for culture were kept frozen at —20°C until required. Using
aseptic technique, roughly 2 g of gut tissue (ileocecal valve) was homogenized in
1 to 2 ml of water using a mortar and pestle. The homogenized tissue was placed
in a 15-ml conical tube (BD Falcon) with 10 ml of 0.75% hexadecylpyridinium
chloride and left to stand at room temperature for 48 h. Samples from lymph
nodes (posterior JJLN) were homogenized using 1 ml of water. The sediment
was collected, and 50 pl was inoculated onto two Middlebrook 7H11 agar slopes
containing 20% egg yolk and mycobactin J (0.5-mg/ml ferric mycobactin J; Allied
Monitor). The following antibiotics were added to one 7H11 agar slope: ampho-
tericin B (25 pg/ml; Sigma), naladixic acid (50 pg/ml; Sigma), and vancomycin
(50 wg/ml; Sigma). The second agar slope remained antibiotic-free. Cultures
were then incubated at 37°C in 5% CO, for up to 20 weeks. This culture method
was used for the first two experiments, while the automated Bactec culture
system (Becton Dickinson) (14, 45) was used for the final experiment, where the
samples were incubated for a maximum of 60 days.

Statistical analysis. Statistical differences between the groups were analyzed
using GenStat for Windows, release 6.1 2002, to take into account genetic
heterogeneity and treatment differences. Data were modeled using residual
maximum likelihood (36). The error for repeated measurements on the same
animal was modeled by a first-order autoregressive process with heterogeneity of
variance at the time points. Tests of significance were performed using the Wald
statistic (43).

RESULTS

Establishment of gut pathology in sheep exposed to high-
dose challenge. The time required for the development of
Johne’s disease pathology in experimentally infected sheep is
shown in Table 1. Pathological changes were assessed by the
development of gross visible lesions of gut tissues at necropsy
and by histopathological examination. At 6 months postchal-
lenge, none of 10 electively necropsied sheep showed typical
gut histopathology, although 2 were positive by culture. All 10
animals in the group necropsied at 9 months were culture
positive, 20% had gross visible lesions, and 90% had minor
histological lesions. The necropsies carried out at 10 months
postchallenge showed that 60% of the animals had gross visible
lesions with more severe histopathology than was evident at 9
months postchallenge. At no time throughout this study did the
animals show any weight loss consistent with clinical Johne’s
disease.

The immunological profiles seen for the experimentally in-
fected sheep are shown in Fig. 1. There was no evidence of
PPDj-specific LT responses (Fig. 1A) in M. avium subsp. para-
tuberculosis-challenged animals or unchallenged control sheep
for the first 6 months postinfection. After 8 months, the group
mean responses for challenged animals increased markedly.
The low level of lymphoproliferative reactivity seen in the
orally challenged animals for the first 6 months parallels the
low levels of infection seen at this time (Table 1).

The IFN-v assay was the only test to detect early M. avium
subsp. paratuberculosis-specific reactivity which had positive
results 6 to 7 weeks after the experimental challenge (Fig. 1B).
The amount of specific IFN-vy, first detectable at 1.5 months
postchallenge, increased rapidly between 6 and 8 months with
a large drop at 10 months, while that of the unchallenged
animals remained at background levels. There was little differ-
ence in antibody production between the M. avium subsp.
paratuberculosis-challenged animals and the unchallenged con-
trols (Fig. 1C). At 10 months postchallenge, both the unchal-
lenged and challenged animals had increases in PPDj-specific
antibodies.

Chronological development of clinical disease. A study was
designed to establish the temporal patterns of clinical disease
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FIG. 1. Immune response profiles of unchallenged controls and
sheep challenged orally with a tissue homogenate of M. avium subsp.
paratuberculosis (JD3). (A) Mean lymphocyte transformation response
following PPDj stimulation of peripheral blood mononuclear cells
(PBMC). (B) IFN-vy production in PPDj-stimulated blood. (C) PPDj-
specific antibody levels, as measured by ELISA. Mean data *+ standard
errors of the means (SEM) are shown (n = 30 challenged and 10
unchallenged animals).

for two groups of 30 lambs challenged orally with a moderately
high dose (5 X 10°) of either a tissue homogenate of M. avium
subsp. paratuberculosis (JD3) or a continuously passaged mi-
crobial culture of M. avium subsp. paratuberculosis (W). None
of the animals challenged with the continuously passaged cul-
ture of M. avium subsp. paratuberculosis were found to be
infected or had any gut histopathology. A subgroup of the
JD3-challenged animals (n = 8) were necropsied (Table 2)
between 11 and 12 months because of a failure to thrive.
Groups of six animals were selected at random for necropsy at
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TABLE 2. Histology and culture results for animals challenged
orally with M. avium subsp. paratuberculosis (JD3)

No. of positive animals/total no. of animals

Parameter Necropsied at ~ Necropsied at  Necropsied at ~ Necropsied at
11 to 12 mos 13 mos” 14 to 21 mos 22 mos

Histology 8/8* 5/6 6/10* 3/6

Culture 7/8 6/6 3/10 0/6

¢ Challenge with JD3-HD-O (direct tissue homogenate, high dose, adminis-
tered orally) consisted of 5 X 10® CFU administered as three doses at weekly
intervals. *, Animals were necropsied due to weight loss associated with clinical
disease.

> Animals culled at 13 months were chosen randomly.

13 months to establish the spectrum of pathology. The 10
clinically affected JD3-challenged animals necropsied during
the 14- to 21-month period included several animals that had
severe histological lesions that were culture negative. At the
completion of the study (22 months), six sheep remained clin-
ically unaffected and continued to thrive. At necropsy, three
had minor histology lesions (average histology score of 1), but
none were culture positive.

Figure 2A shows the rate at which animals exposed to the
challenge were selectively removed from 11 months to 21
months postchallenge. It was not until 11 months postchal-
lenge that the first animal was necropsied due to a loss of
weight. Immunological data from cohorts of animals (6) that
went on to develop clinical disease at different times were
grouped and examined retrospectively after necropsy to iden-
tify if the immune profiles of the animals were altered as a
precursor to disease development (Fig. 2). The LT responses
of animals selectively removed due to clinical disease at 14 to
18 months postchallenge first showed reactivity at 13 months
postchallenge. Little reactivity was seen in animals slaughtered
at 11 to 12 months postchallenge. Animals that had an earlier
onset of disease initially showed a trend towards higher IFN-y
responses than those animals that developed clinical disease at
14 to 18 months postchallenge. Another trend observed was a
higher group mean antibody level at 6 months postchallenge
for animals culled selectively due to the onset of clinical dis-
ease at 11 to 12 months postchallenge.

The blood, spleen, and prescapular lymph node mononu-
clear cells obtained at necropsy from nine animals that devel-
oped clinical disease gave strong LT responses that were
greater than that found in the gut lymph nodes (Fig. 3A).
When the PPDj-specific immune responses of different lym-
phoid tissue samples from the diseased animals were assessed,
the levels seen in the blood, spleen, and prescapular (periph-
eral) lymph nodes were three to six times greater than those in
unchallenged controls. The level of reactivity seen in the pos-
terior jejunal lymph node cells was two times greater than that
in unchallenged controls. The reactivities in the other gut lym-
phatic tissue cells were only marginally greater than the values
from unchallenged animals.

The unchallenged group produced significantly lower levels
of IFN-vy in vitro (P < 0.001) than those in tissues from dis-
eased animals (Fig. 3B). Strikingly, high levels were seen in the
spleen compared to the blood, but low levels were seen in the
peripheral lymphatics (prescapular lymph nodes) of diseased
animals. Higher levels of reactivity (IFN-y) could be seen in
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FIG. 2. Cull rates and immune profiles of sheep challenged orally with M. avium subsp. paratuberculosis (JD3). (A) Elective slaughter rates of
challenged sheep due to weight loss starting at 10 months postchallenge. (B) PBMC lymphocyte transformation levels after PPDj stimulation in
cells from animals electively slaughtered due to clinical disease at different times after challenge (PC). (C) IFN-y levels in blood after stimulation
with PPDj for animals electively slaughtered due to clinical disease at different times postchallenge (PC). (D) Specific antibody levels to PPDj in
electively slaughtered animals. Squares represent animals that developed disease early (at 11 to 12 months postchallenge [PC]). Triangles represent
animals that developed disease later (at 14 to 18 months postchallenge [PC]). Mean responses = SEM are shown for each group (n = 6).

the posterior jejunal lymph nodes of diseased animals, which
gradually decreased in samples taken closer to the proximal
end of the jejunal lymphatic chain.

There was a significantly lower (P < 0.001) percentage of
CD4™" T cells (Fig. 3C) in lymphatic tissues of diseased sheep
than in tissues from unchallenged controls. There was also a
significantly lower percentage of CD4" T cells in the spleen
than in the other tissues examined. The gut lymph nodes from
the clinically diseased animals had a lower proportion of CD4™
T cells than those from unchallenged controls. The posterior
JJLN had a consistently higher percentage of CD4™ T cells
than the other gut-associated lymphoid tissues from diseased
animals. The percentage of CD8" T cells was significantly
lower (P < 0.001) in the lymphoid tissues of diseased sheep
than in those from unchallenged controls (data not shown).
The proportion of CD8" T cells did not differ significantly
between the various lymphatic tissues examined.

There were no significant differences in the percentages of B
cells or v T cells found in tissues obtained from diseased
animals compared with those from unchallenged animals (data
not shown). The spleens from diseased animals tended to have
the highest percentages of B cells, and the blood had the lowest
percentages of B cells. The percentage of y8 T cells found in
the blood was significantly different from that seen in the

lymphatic tissues (P < 0.001), and the proportion found in the
blood of unchallenged animals was higher (P < 0.001) than
that seen in diseased animals.

Route and strain of challenge. The lambs challenged with
the primary tissue homogenate (JD3) of M. avium subsp. para-
tuberculosis via either the tonsillar or oral route showed a trend
towards higher levels of infection and disease than those chal-
lenged orally with the laboratory cultured strain W. The high
prevalence of histopathology seen early (7 months) in the an-
imals infected by the intratonsil route was a particular feature
of this experiment (Table 3). None of the animals in this study
challenged with JD3 either orally or via the intratonsillar route
developed clinical disease, as measured by weight loss, within
the 16 months of the study. The results given in Table 3 show
that primary tissue homogenates of M. avium subsp. paratuber-
culosis produced more predictable levels of infection and dis-
ease than did the significantly higher (20X) dose of the low-
passage-number laboratory culture of M. avium subsp.
paratuberculosis strain W.

The immunological profiles (Fig. 4A) of animals exposed to
different infection protocols showed distinct patterns. The ani-
mals challenged orally with the tissue homogenate of JD3 (JD3-O
group) did not elicit LT responses much greater than those seen
in the unchallenged control animals. The animals exposed to
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FIG. 3. Immune profiles for different tissues from clinically diseased or unchallenged animals following necropsy. (A) Lymphocyte proliferation
following PPDj stimulation of isolated cells. (B) IFN-y production following PPDj stimulation of isolated cells. (C) Proportions of CD4* cells from
different tissues, as detected by FACS analysis. (D) Proportions of CD8" cells. Measurements are expressed as mean counts or percentages (n =

9 diseased and 3 unchallenged animals) plus the SEM.

tissue homogenates of bacteria via the intratonsillar route
(JD3-IT group) gave a stronger response than the animals chal-
lenged with a similar dose of bacteria by the oral route, especially
in the first 4 months postchallenge. The animals challenged orally
with the laboratory cultured isolate W (W-O group) gave consis-
tently high LT reactivities from 1 month postchallenge and
throughout the duration of the experiment.

The IFN-vy response of the W-O group was higher than that
of any of the other treatment groups (Fig. 4B). The animals in
this group showed a strong response within 1 month postchal-

lenge, which began to decrease after 5 months to the levels seen
in the other challenged groups. This pattern mirrored the LT
responses shown in Fig. 4A, except that the IFN-y levels dropped
to low levels after 5 months. Animals exposed via the tonsillar
route (JD3-IT group) produced a stronger response than JD3-O
group animals and the unchallenged control animals.

The specific antibody profiles (Fig. 4C) show that the JD3-IT
group produced more antibody than the other treatment
groups, with a peak at 3 months and again at 7 months on-
wards. Animals in the JD3-O group showed increasing levels of

TABLE 3. Histolopathological and microbiological status of animals challenged by different infection protocols”

No. of positive animals/total no. of animals (histopathology result; culture

result)
Route of Strain of organism focatment Dose (CFU)
infection esignation Necropsied at Necropsied at Necropsied at Total
7 mos 12 mos 14 to 16 mos ota
Intra tonsill JD3 (direct tissue JD3-IT 5 x 107 57,717 1/2,0/2 1/3,1/3 7/12, 8/12
homogenate)
Oral JD3 (direct tissue JD3-0 5 % 107 4/6, 6/6 1/2,0/2 4/4,2/4 9/12, 8/12
homogenate)
Oral W strain (laboratory W-O 1 X 10° 1/6, 3/6 0/2,0/2 0/4, 0/4 1/12,3/12

cultured)

“ Each group received two doses at 1 month apart. No animals had clinical disease, as measured by weight loss.



VoL. 73, 2005

A Lymphocyte Transformation Assay
140,000 -

120,000
100,000 4

80,000

CPM

60,000 -

40,000

20,000 -

0

Months post challenge

B IFNy Production

& JD3-IT
30 & JD3-0
- W-0

0D at
450nm

L g

— & S o
6 7 8 9
Months post challenge

C Antibody Assay
110 4

100

ELISA
units
|
=]

Months post challenge

FIG. 4. Immune profiles of animals after experimental challenge
via the tonsil with the JD3 tissue homogenate (JD3-1T), represented by
closed squares. Animals challenged orally with the tissue homogenate
JD3 (JD3-0O) are represented by closed triangles. Animals challenged
orally with the W strain (W-O) are represented by crosses, and un-
challenged controls are represented by open circles. (A) Mean lym-
phoproliferative responses of PBMC to PPDj. (B) IFN-y responses in
whole blood after stimulation with PPDj. (C) Plasma antibody levels
specific to PPDj, as measured by ELISA. Mean responses = SEM are
shown (n = 12).

antibody at 9 months postchallenge. The unchallenged controls
or animals in the W-O group produced minimal amounts of
antibody throughout the experiment.

DISCUSSION

The main objective of this study was to develop a reliable,
standardized M. avium subsp. paratuberculosis infection model
in sheep that would predictably produce clinical Johne’s dis-
ease and which could be used to evaluate new vaccination
protocols and diagnostic assays. Published data using sheep as
a model have used strains of M. avium subsp. paratuberculosis
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sourced from cattle (24), deer (3, 4), and sheep (20, 40). This
may explain in part the differing outcomes, as bovine and ovine
strains of M. avium subsp. paratuberculosis are known to be
phenotypically different in vivo (31, 41) and to express different
properties when grown in vitro (45). A feature of culturing the
laboratory strain (W) was that its doubling time decreased
dramatically with continuous passaging. To date, very few ex-
perimental infection studies with sheep have used typed ovine
strains of M. avium subsp. paratuberculosis. Reddacliff and
Whittington (40) recently used a typed ovine strain of M. avium
subsp. paratuberculosis to infect merino lambs. Whereas they
established infection consistently, the animals were slaugh-
tered at 14 weeks postchallenge, prior to the development of
gross or microscopic lesions.

The model used here resulted in infection in a high propor-
tion of experimentally challenged animals, with typical histo-
pathology and clinical disease. The initial experiment was de-
signed to study the chronological development of infection,
histopathological lesions, and clinical disease after challenge
(at 6, 9, and 10 months). The findings from this study are
compatible with the results obtained by Reddacliff and Whit-
tington (40), who used merino lambs experimentally chal-
lenged with 7 X 107 CFU of an ovine strain of M. avium subsp.
paratuberculosis, from which they isolated M. avium subsp.
paratuberculosis from a range of tissues at 7 to 14 weeks post-
challenge. Other experimental challenge studies reported that
histological lesions may be found in the first few months fol-
lowing challenge (24). This was not seen in the present study or
that published by Reddacliff and Whittington (40). The devel-
opment of lesions within months of experimental infection may
require higher doses to infect the sheep or the use of the
bovine strain of M. avium subsp. paratuberculosis for experi-
mental challenge. Although the doses used in the present ex-
periments were higher than those used by Reddacliff and Whit-
tington (40), there was no histopathology or clinical Johne’s
disease seen 6 months following challenge. The high infection
rates seen in the gut tissues of animals at 9 and 10 months
postchallenge would imply that animals necropsied at 6 months
postchallenge were likely to have been actively infected.

A second study used moderate doses of M. avium subsp.
paratuberculosis (>10® CFU) to establish the time course for
the onset of clinical disease. While disease was evident from 11
months onwards, a small proportion (20%) of animals showed
no signs of clinical disease at 22 months postchallenge. These
may represent a subgroup of innately resistant animals within
the challenged group. No infection or disease was seen using a
high-dose challenge (10*° CFU) with a continuously passaged
laboratory culture of M. avium subsp. paratuberculosis (W).

Challenges using different routes of inoculation resulted in
infection and disease similar to those reported previously (24).
Oral inoculations using primary tissue homogenates of M.
avium subsp. paratuberculosis (JD3) produced results similar to
those seen with other experimental infection models (20-22).
The intratonsillar route of infection produced a pathology typ-
ical of Johne’s disease, as seen by histological analysis of the
intestine and associated lymph nodes. This suggested that
while lymphatic spread had occurred, there was a propensity
for M. avium subsp. paratuberculosis to traffic to the intestines.
There is evidence from deer naturally infected with M. avium
subsp. paratuberculosis that the retropharyngeal lymph nodes
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may become infected with M. avium subsp. paratuberculosis
(14). Earlier studies using an experimental Mycobacterium bo-
vis infection of deer (19) have established that the draining
retropharyngeal lymph nodes serve as a primary target of in-
fection following installation of bacteria into the tonsillar crypt.

Lambs experimentally challenged orally with moderate
doses of the tissue homogenate (JD3) of M. avium subsp.
paratuberculosis showed no LT reactivity until 6 months post-
challenge. Experimental challenge studies with sheep (bighorn
X mouflon hybrid or domestic sheep given 50 mg [wet weight]
M. avium subsp. paratuberculosis) have shown increased LT
reactivity 5 months after challenge (46). Antibody levels in
animals exposed orally to medium or high doses of tissue
homogenates of M. avium subsp. paratuberculosis remained at
background levels until at least 6 to 9 months postchallenge.
Peak levels of antibody were recorded at 9 months postinfec-
tion (Fig. 2D and 4C) for challenged sheep, just before clinical
disease became evident. The elective removal of animals show-
ing clinical signs (weight loss) may have eliminated animals
producing large amounts of antibody associated with disease.
Recent literature has shown that sheep experimentally chal-
lenged with ovine and bovine strains of M. avium subsp. para-
tuberculosis that develop clinical disease have low antibody
levels (41). The IFN-y test was the first assay to detect sensi-
tization in sheep orally challenged with the primary tissue
homogenate of M. avium subsp. paratuberculosis. The observa-
tion in this study of an early IFN-y response followed later by
antibody and LT responses is comparable to previously pub-
lished data on the kinetics of immune reactivity to M. avium
subsp. paratuberculosis infections in cattle and goats (5, 40, 42,
44). Unchallenged control animals showed increased immune
reactivity between 8 and 15 months into the experiment. The
most logical explanation was that the sheep may have been
exposed to large numbers of environmental mycobacteria as-
sociated with seasonal changes and feeding rotations in the
winter-spring period (September to October).

The infection studies which compared the challenge of
sheep with M. avium subsp. paratuberculosis (JD3) isolated
from tissue homogenates to that with the cultured strain (W)
showed that high LT and IFN-vy responses occurred within 2
months postchallenge in the absence of antibody. The protec-
tive immune response to M. avium subsp. paratuberculosis is
considered to require strong cell-mediated immunity (CMI)
and low levels of antibody (10), which is similar to the response
seen in sheep challenged with laboratory cultures of M. avium
subsp. paratuberculosis (W). Although three of the animals
challenged with a low-passage culture of M. avium subsp. para-
tuberculosis (W) were culture positive and one had histopa-
thology, they had similar immune profiles to the remainder of
the group that were challenged but uninfected. Stewart et al.
(41) observed that sheep challenged with cultured ovine M.
avium subsp. paratuberculosis did not become infected and had
lower immune responses, as measured by IFN-y and absorbed
ELISA, than sheep challenged with tissue homogenates (44).

Published data show that different routes of experimental
challenge result in different patterns of immune reactivity. In-
travenously and intratracheally challenged animals produce
increased serological titers compared to those in animals ex-
posed orally (33). The immune responses seen for animals
challenged by the intratonsillar route (JD3-IT group) were
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higher overall than those found for the orally challenged
(JD3-0) group (Fig. 4). Eight of the nine sheep that developed
clinical disease (Fig. 3) following challenge with tissue homog-
enates of M. avium subsp. paratuberculosis (JD3) had multiba-
cillary lesions at necropsy. Previously published data suggest
that sheep with multibacillary disease produce minimal CMI
responses (8, 9, 12, 13, 38). These findings do not correlate
with the results obtained in the present study. The mean pe-
ripheral blood LT response at necropsy from the experimen-
tally challenged diseased sheep had a stimulation index of 18,
in contrast with earlier findings (9), where naturally infected
(multibacillary) animals had a stimulation index of 2.7. In the
previous study, only one section of the mesenteric (jejunal)
lymph node was examined, whereas the results from the
present study show that different regions within the jejunal
lymph node gave dramatically different immune readouts. This
study corroborates independent findings that clinically dis-
eased animals have lower numbers of CD4" T cells and a
reduction in the CMI response in gut lymphatics (11, 25).
Diseased animals in the present study had higher LT and
IFN-y responses in the posterior JJLN than the other regions
of the jejunal lymph nodes. This suggests that the specific
immune response associated with Johne’s disease is greatest at
the site where the most severe lesions occur in the gut lymph
nodes. The localized increase in Johne’s disease-specific CMI
responses can be correlated with the region with the largest
number of CD4* T cells. M. avium subsp. paratuberculosis-
reactive CD4™ T cells from within the gut or peripheral lym-
phatics may migrate to the more severely affected sites (pos-
terior JJLN) in an attempt to contain the infection (6, 28-30,
32). The increased levels of IFN-y seen in gut lymph nodes
could be explained by these tissues containing larger numbers
of johnin-reactive CD4" T cells. However the number of
CD25" T cells (activated T cells) present in these tissues did
not increase, as would be expected if a large number of johnin-
reactive CD4™" T cells had either proliferated in or trafficked
into the lymph node with the most severe disease. Although
CD25 expression is variable in chronic infections such as those
with M. avium subsp. paratuberculosis (42), it should be ex-
pected that a small increase in this cell population would be
seen with increased numbers of reactive CD4™" T cells in the
diseased lymph node.

This study has resulted in the development of a robust ex-
perimental sheep model in which Johne’s disease occurs in a
large proportion of challenged animals. Critical time points for
the establishment of infection or disease have been deter-
mined. This model can be applied in the future to evaluate the
protective efficacy of vaccines or to more critically chart im-
munological profiles that are associated with infection, disease,
or protective immunity. It may also be relevant to the devel-
opment of improved diagnostic tests to identify patterns of
immunity during the early stages of infection with M. avium
subsp. paratuberculosis.
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