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The granulomatous and intramural inflammation observed in cases of inflammatory bowel diseases (IBD) and
veterinary Johne’s disease suggests that Mycobacterium avium subsp. paratuberculosis is a causative agent. However,
an incomplete understanding of the immunological steps responsible for the pathologies of IBD makes this
conclusion uncertain. Sera from interleukin-10-deficient (IL-10�/�) mice with spontaneous colitis displayed signif-
icantly higher M. avium subsp. paratuberculosis-specific immunoglobulin G2a antibody responses than did sera from
similar mice without disease. Pathogen-free IL-10�/� mice received control vehicle or the vehicle containing
heat-killed or live M. avium subsp. paratuberculosis. Mucosal CD4� T cells from the mice that developed colitis
proliferated and secreted higher levels of gamma interferon and tumor necrosis factor alpha after ex vivo stimu-
lation with a V�11� T-cell receptor-restricted peptide from the MPT59 antigen (Ag85B) than those secreted from
cells from mice before the onset of colitis. The data from this study provide important information regarding the
mechanisms of colitis in IL-10�/� mice, which are driven in part by Ag85B-specific T cells. The data suggest a
plausible mechanism of Ag-specific T-cell responses in colitis driven by potent Ags conserved in Mycobacterium
species.

Crohn’s disease (CD) and ulcerative colitis are chronic in-
flammatory bowel diseases (IBD) with severe morbidity and
uncertain etiology. It is widely held that human IBD are mul-
tifactorial and are caused by immunologic, environmental, and
genetic factors (25). It has been suggested that IBD may be the
result of enhanced or aberrant responsiveness due to a micro-
bial trigger (17) or an overall autoimmune dysregulation and
imbalance of T cells (26). Among the microbial triggers pos-
tulated to have such a role, Mycobacterium avium subsp. para-
tuberculosis has received considerable attention because it is
the cause of a chronic infectious colitis disease in livestock
called Johne’s disease (2). In particular, this postulate was
stimulated in the 1980s by reports of M. avium subsp. paratu-
berculosis cells cultured from granulomatous lesions from pa-
tients with CD (6, 19). Subsequent studies reported the isola-
tion of M. avium subsp. paratuberculosis, the detection of M.
avium subsp. paratuberculosis antigens (Ags) in CD lesion ma-
terial (1), blood (20), and other body fluids (22), and the
presence of elevated M. avium subsp. paratuberculosis-specific
serum antibody (Ab) levels in CD patients (21). Recently, in
situ hybridization was used to detect M. avium subsp. paratu-
berculosis in the tissues of CD patients (12).

At �3 months of age, under conventional housing condi-
tions, interleukin-10-deficient (IL-10�/�) mice develop spon-

taneous murine colitis with weight loss and a marked increase
in serum acute-phase proteins (3). However, this disease does
not readily occur when these mice are housed in a germfree
environment, implicating a microbial trigger for colitis. The
present study was undertaken to explore potential mechanisms
by which M. avium subsp. paratuberculosis could accelerate the
development of colitis in IL-10�/� mice. This study revealed
that components of M. avium subsp. paratuberculosis might
enhance the production of CXCL9, CXCL10, CXCL11,
gamma interferon (IFN-�), and tumor necrosis factor alpha
(TNF-�) as well as promote the recruitment and/or expansion
of Th1 cells during murine colitis.

MATERIALS AND METHODS

Immunogens. M. avium subsp. paratuberculosis strain Ben (CIP 103966), a
clinical isolate from a CD patient, was obtained from the American Type Culture
Collection (ATCC 43544) (6). Bacteria were cultured in Middlebrook 7H9 broth
supplemented with 10% albumin-dextrose-catalase (BD/Difco) and 2 �g/ml my-
cobactin J (Allied Monitor) to an optical density at 580 nm of 0.5 and then frozen
in replicate stock aliquots. The viable titers of the stocks were determined by
thawing replicates, serially diluting them in culture medium, and plating them on
Middlebrook 7H10 agar supplemented with 2 �g/ml mycobactin J. An immuno-
dominant epitope of Ag85B/MPT59 consisting of 15 amino acids, FQDAYNA
AGGHNAVF, termed peptide 25 (33), was synthesized and purified by high-
performance liquid chromatography (Biopeptide).

Animals and M. avium subsp. paratuberculosis challenge. Female IL-10�/� or
wild-type mice on a B6 background, aged 4 to 5 weeks, were purchased from the
Jackson Laboratory. The animals were maintained in isolator cages under patho-
gen-free or conventional housing conditions at the Morehouse School of Med-
icine animal facility. The guidelines proposed by the Committee for the Care of
Laboratory Animal Resources Commission of Life Sciences, National Research
Council, were followed to minimize animal pain and distress. To determine the
M. avium subsp. paratuberculosis reactivity of mice with spontaneous colitis, naı̈ve
IL-10�/� mice were removed from germfree housing and moved to conventional
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housing (i.e., without filter-top cages). After these mice lost 15% of their initial
body weight, their blood was collected to evaluate the presence of M. avium
subsp. paratuberculosis-reactive Abs.

In previous experiments (not shown), a live M. avium subsp. paratuberculosis
dose-response experiment (with 10-fold increments, starting at 10 and ending
with 1010 CFU) was performed to determine the lowest CFU required to induce
colitis in IL-10�/� mice housed under germfree conditions. In this study, groups
of 15 IL-10�/� mice (housed under germfree conditions) each received a single
dose, by gavage, of 200 �l of cream, defined as milk containing �36% milk fat
(heated at 65°C for 2 h), either by itself (control vehicle) or with either 104 CFU
of live M. avium subsp. paratuberculosis or 104 CFU of heat-killed M. avium
subsp. paratuberculosis (heated at 65°C for 2 h). The body weights and serum
amyloid A (SAA) levels of the mice were subsequently monitored every week for
14 weeks after challenge. At the end of this period, mice were sacrificed by CO2

inhalation, and thereafter, systemic and mucosal Ag-specific T-cell responses
were analyzed and leukocyte subpopulations were quantified by flow cytometry.

Cell isolation. The mesenteric lymph nodes (MLN) from individual mice were
mechanically dissociated, and red blood cells were lysed with ACK lysing buffer
(Cambrex). Cell suspensions of the MLN were passed through a sterile wire
screen (Sigma). Single-cell suspensions were washed twice with RPMI 1640 and
stored on ice in complete medium, which consisted of RPMI 1640 supplemented
with 10 ml/liter of nonessential amino acids (Mediatech), 1 mM sodium pyruvate
(Sigma), 10 mM HEPES (Mediatech), 100 U/ml penicillin, 100 �g/ml strepto-
mycin, 40 �g/ml gentamicin (Elkins-Sinn, Inc.), 50 �M mercaptoethanol
(Sigma), and 10% fetal bovine serum (FBS; Atlanta Biologicals). After removal,
Peyer’s patches (PP) were kept on ice-cold RPMI containing 2% FBS. The
intestines were cut into 1-cm segments and stirred in phosphate-buffered saline
(PBS) containing 1 mM EDTA for 30 min. The cells from the intestinal lamina
propria (LP) and PP were isolated as described previously (15). In brief, the LP
lymphocytes were isolated by digesting intestinal tissue with 1 mg/ml of collage-
nase type IV (Sigma) in RPMI 1640 (collagenase solution) for 45 min, with
stirring, at 37°C. After each 45-minute interval, the released cells were centri-
fuged and stored in complete medium, and the remaining mucosal pieces were
replaced with fresh collagenase solution. LP lymphocytes were further purified
using a discontinuous Percoll (Pharmacia) gradient, collecting small high-density
cells at the 55%–75% interface. Subsequently, lymphocytes were maintained and
cultured in a complete medium.

Cytokine analysis by ELISA. Purified CD4� T cells and �-irradiated feeder
cells were cultured at densities of 5 � 106 and 106 cells per ml, respectively, in
complete medium containing 1 �g/ml of peptide 25 at 37°C in 5% CO2. After 3
days of peptide 25 stimulation, 106 cells/ml were transferred to polystyrene
96-well plates (Corning Glass Works). For the assessment of cytokine produc-
tion, 1 ml culture supernatant from cells cultured in 12-well flat-bottomed plates
(Corning Glass Works) was harvested after 3 days. The IL-2, IL-4, TNF-�, and
IFN-� levels in cell culture supernatants were determined by enzyme-linked
immunosorbent assay (ELISA) following the manufacturer’s instructions (e-
Biosciences, San Diego, CA). Briefly, 96-well microtiter plates were coated with
100 �l of 2.5-�g/ml rat anti-mouse IFN-�, TNF-�, IL-2, or IL-4 in 0.1 M
bicarbonate buffer (pH 8.2) overnight at 4°C and then blocked with 10% FBS at
room temperature for 2 h. Next, 100 �l of serially diluted recombinant murine
cytokines as standards or culture supernatant sample was added in duplicate and
incubated for 4 h at room temperature. The plates were washed with PBS-T (PBS
and 0.05% Tween 20) and incubated with 0.2 �g/ml of biotinylated murine
cytokine secondary detection Abs in FBS–PBS-T for 3 h at room temperature.
After being washed with PBS-T and PBS alone, the wells received 100 �l of
0.5-�g/ml peroxidase-conjugated anti-biotin Ab, and the plates were incubated
for 2 h prior to development following the addition of 100 �l of 1.1 mM
2,2	-azino-bis(3)-ethylbenzthiazoline-6-sulfonic acid (Sigma) in 0.1 M citrate-
phosphate buffer (pH 4.2) containing 0.01% H2O2 (ABTS solution). The cyto-
kine ELISA assays were capable of detecting 8 pg/ml of IFN-� and TNF-�, 2
pg/ml of IL-2, and 4 pg/ml of IL-4.

Cell proliferation. Lymphocyte proliferation was measured by use of a 5-bro-
mo-2	-deoxyuridine (BrdU) absorption detection kit per the manufacturer’s in-
structions (Roche Diagnostics); subsequently, BrdU incorporation was detected
using a scanning multiwell spectrophotometer (Spectra-Max 250 ELISA reader;
Molecular Devices). In brief, purified CD4� T cells were cultured at a density of
5 � 106 cells/ml, with 106 irradiated feeder cells/ml, in complete medium con-
taining 1 �g/ml of peptide 25 at 37°C in 5% CO2. After 2 days of peptide 25
restimulation, 106 cells/ml were transferred to polystyrene 96-well plates (Corn-
ing Glass Works). Ten microliters of BrdU labeling solution (10 �M [final
concentration]) was then added, and the plates were incubated for 18 h at 37°C
with 5% CO2. The cells were fixed and incubated with 100 �l of nuclease in each
well for 30 min at 37°C. Next, the cells were washed with complete medium and

incubated with BrdU-peroxidase solution for 30 min at 37°C. To determine the
incorporation of BrdU, the plates were developed by adding 100 �l of tetram-
ethylbenzidine substrate. The substrate reaction was allowed to continue for 20
min, after which the optical density was read at 405 nm, with a reference
wavelength of 490 nm.

Mycobacterium-specific Ab detection by ELISA. Mycobacterium-specific immu-
noglobulin G (IgG) Ab responses in the sera of IL-10�/� mice with spontaneous
colitis or those maintained under germfree housing conditions were measured by
ELISA (16). Briefly, 96-well Falcon ELISA plates (Fisher Scientific, Pittsburgh,
PA) were coated with 100 �l of 1-�g/ml heat-killed and paraformaldehyde-fixed
M. avium subsp. paratuberculosis in coating buffer (sodium carbonate-bicarbon-
ate buffer) overnight at 4°C and blocked with 200 �l of 10% FBS (Atlanta
Biologicals) in PBS (FBS-PBS) for 2 h at room temperature. Individual samples
were added and serially diluted in FBS-PBS. After 4 h of incubation at room
temperature, the plates were washed (three times), and the concentrations of
IgG subclass Abs were determined following the addition of 100 �l of biotin-
conjugated rat anti-mouse �1 (G1-7.3; 12.5 ng/ml), �2a (R19-15; 125 ng/ml), �2b
(R12-3; 12.5 ng/ml), and �3 (R40-82; 50 ng/ml) (BD Pharmingen) heavy-chain-
specific monoclonal Abs (14). After incubation and washing steps, 100 �l of
0.5-�g/ml avidin-horseradish peroxidase (HRP) Ab (Vector Labs) in FBS-PBS
was added to IgG subclass Ab detection wells, and the plates were incubated for
2 h at room temperature. Following incubation, the plates were washed six times,
developed by adding 100 �l of ABTS solution, and read at 415 nm. The Myco-
bacterium-specific ELISAs were capable of detecting 10 pg/ml of mouse IgG
subclass samples.

Cytokine quantitation by Luminex analysis. The levels of T helper cell-derived
cytokines IFN-� and TNF-� in the sera were determined with a Beadlyte mouse
multicytokine detection kit (Bio-Rad, Hercules, CA). Filter-bottomed ELISA
plates were rinsed with 100 �l of Bio-Plex assay buffer, and liquid was removed
using a Millipore multiscreen separation vacuum manifold system (Bedford,
MA) set at 5 mm Hg. Analyte beads in assay buffer were added to the wells,
followed by 50 �l of serum or standard solution. The plates were incubated for
30 min at room temperature with continuous shaking (at setting 3), using a
Lab-Line Instrument titer plate shaker. The filter-bottomed plates were washed
as described above and centrifuged at 300 � g for 30 s. Subsequently, 50 �l of
anti-mouse IFN-� or TNF-� Ab–biotin reporter solution was added to each well,
after which the plates were incubated with continuous shaking for 30 min,
followed by centrifugation and washing. Next, 50 �l streptavidin-phycoerythrin
solution was added, and the plates were incubated with continuous shaking for 10
min at room temperature. One hundred twenty-five microliters of Bio-Plex assay
buffer was added, and Beadlyte readings were measured using a Luminex system
and calculated using Bio-Plex software (Bio-Rad). The cytokine Beadlyte assays
were capable of detecting �5 pg/ml of each analyte.

FIG. 1. M. avium subsp. paratuberculosis-specific serum Ab re-
sponses in IL-10�/� mice during spontaneous colitis. The data pre-
sented are mean concentrations (ng/ml) 
 standard deviations (SD) of
M. avium subsp. paratuberculosis-specific IgG subclasses from three
separate experiments. Asterisks indicate statistically significant differ-
ences, i.e., P � 0.01, compared to controls. Mouse experimental groups
consisted of 15 mice each. Assays were repeated three times.
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SAA ELISA. SAA levels were determined by ELISA (Biosource Interna-
tional). In brief, 50 �l of SAA-specific Ab solution was used to coat microtiter
strips to capture SAA. Serum samples and standards were added to wells and
incubated for 2 h at room temperature. After the plates were washed with the
assay buffer, the HRP-conjugated anti-SAA Ab solution was added, and the
plates were incubated for 1 h at 37°C. After washing of the plates, 100 �l
tetramethylbenzidine substrate solution was added, and the reactions were
stopped after incubation for 15 min at room temperature by the addition of stop
solution. The plates were read for the optical density at 450 nm.

Chemokine ELISA. Serum concentrations of CXCL9, CXCL10, and CXCL11
in mice were determined by ELISA (R&D Systems) according to the manufac-
turer’s instructions. In brief, 96-well ELISA plates were coated with capture Abs,
and the plates were incubated overnight at room temperature. After plate block-
ing, 100 �l of sample or standards was added to each well, and the plates were
incubated for 2 h at room temperature. One hundred microliters of detection Ab
solution was then added to each well, and the plates were further incubated for
2 h at room temperature. After washing of the plates, 100 �l of streptavidin-HRP
solution was added, and the plates were incubated for 20 min in the dark. Next,
100 �l of substrate solution was added to the plates, which were incubated for an
additional 20 min at room temperature in the dark. Finally, 50 �l of the stop
solution was added, and the plates were read for the optical density at 450 nm

after 30 min, using � corrections of 540 and 570 nm. The ELISAs were capable
of detecting �10 pg/ml of each chemokine.

Histology. Intestinal tissues were preserved using Streck fixative (Streck Lab-
oratories) and were embedded in paraffin. Fixed tissues were sectioned at 6 �m
and stained with hematoxylin and eosin for microscopic examination. Intestinal
lesions were multifocal and of variable severity. The grades given to intestinal
sections took into account the number of lesions as well as their severity. A score
(0 to 4) was given to each section, based on previously described criteria (30).
The summation of these scores provided a total disease score per mouse. The
disease score could range from 0 to a maximum of 12 (with grade 4 lesions in
ascending, transverse, and descending intestinal segments).

Statistics. The data were expressed as means 
 standard errors of the means
and were compared using a two-tailed paired Student t test or an unpaired
Mann-Whitney U test. The results were analyzed using the Statview II statistical
program (Abacus Concepts, Inc.) and Microsoft Excel (Microsoft) for Macintosh
computers. Single-factor and two-factor analyses of variance were used to eval-
uate groups and subgroups, respectively. Hence, results were considered statis-
tically significant if P values were �0.01.

RESULTS

M. avium subsp. paratuberculosis-specific IgG subclass Ab
profile during murine colitis. The previously described imbal-
ance of cytokine levels (Th1 � Th2) during colitis suggests that
there may be a Th1-biased humoral response associated with the
progression of colitis. To test this hypothesis, we measured levels
of M. avium subsp. paratuberculosis-specific IgG subclass Abs in
the sera of IL-10�/� mice with spontaneous colitis. M. avium
subsp. paratuberculosis-specific IgG2a Ab responses were signifi-
cantly higher in mice with spontaneous colitis, kept under con-
ventional housing, than in similar control mice without disease,
which were housed under germfree conditions (Fig. 1).

Changes in colitis severity after M. avium subsp. paratuber-
culosis challenge. The histological severity of colitis in IL-10�/�

mice challenged with live M. avium subsp. paratuberculosis
yielded significantly higher colitis disease scores and SAA lev-
els than those found for similar mice challenged either with
heat-killed M. avium subsp. paratuberculosis or with the control
(Table 1). While lesion scores and SAA levels for mice exposed
to heat-killed M. avium subsp. paratuberculosis were elevated
over those of controls, the differences were not significant. The
intestinal tissues of mice challenged with live M. avium subsp.
paratuberculosis showed increased levels of cellular infiltrates,

FIG. 2. Histological characteristics of IL-10�/� mice challenged with M. avium subsp. paratuberculosis. At 14 weeks postchallenge, histopatho-
logical sections of colons from IL-10�/� mice that received a single dose of 200 �l of control vehicle (cream only), 104 CFU of live M. avium subsp.
paratuberculosis (live MAP) in cream, or 104 CFU of heat-killed M. avium subsp. paratuberculosis (heat-killed MAP) in cream by gavage and were
maintained under otherwise germfree conditions were fixed, sectioned at 6 �m, and stained with hematoxylin and eosin. Mild (open triangles) and
heavy (solid triangles) cellular infiltrates were noted in the groups (i.e., live M. avium subsp. paratuberculosis �� heat-killed M. avium subsp.
paratuberculosis � controls). For live M. avium subsp. paratuberculosis-challenged mice, aggregates of cellular infiltrates were typically associated
with focal lesions, or hypertrophied epithelial cells with reduced crypt lengths. Sections were examined by light microscopy (magnification, �40).
Experimental groups consisted of 15 mice each. Representative samples are shown.

TABLE 1. Histological evaluation of Mycobacterium-induced colitis
progression in IL-10�/� micea

Treatment No. of
mice

Colitis disease
score (0–12)

SAA concn
(�g/ml)

Live M. avium subsp.
paratuberculosis

15 7.67 
 1.23* 287.6 
 21*

Heat-killed M. avium subsp.
paratuberculosis

15 3.01 
 1.01 151.3 
 16

Cream only 15 1.87 
 0.89 89.5 
 4.6
No treatment (wild-type B6

mice)
5 0 13.4 
 0.6

a The persistence of colitis was monitored by evaluating SAA levels and his-
topathological changes in the colons of IL-10�/� mice with a B6 background.
Mice received a single dose of 200 �l of control (cream), 104 CFU of live M.
avium subsp. paratuberculosis in cream, or 104 CFU of heat-killed M. avium
subsp. paratuberculosis in cream by gavage or were untreated (wild-type B6 mice)
and housed under otherwise germfree conditions. Following euthanasia, colons
were fixed, sectioned at 6 �m, and stained with hematoxylin and eosin. The
sections were examined microscopically at a magnification of �40 and scored
according to the severity of colitis. The data presented for concentrations of SAA
are the means 
 standard errors of the means, as determined by ELISA in three
separate experiments. Asterisks indicate statistically significant differences, i.e., P
values of �0.01 between experimental groups. Experimental groups consisted of
15 mice each.
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which consisted of lymphocytes and, occasionally, polymorpho-
nuclear cells (Fig. 2). The colitis progression was more aggres-
sive in mice that received live M. avium subsp. paratuberculosis,
as noted by multifocal lesions, or aggregates of cellular infil-
trates, in all regions of their large intestines. In addition to the

dramatic differences in the mean colonic disease scores be-
tween the mice challenged with live M. avium subsp. paratu-
berculosis and those challenged with heat-killed M. avium
subsp. paratuberculosis or cream alone, epithelial cells in mice
challenged with live M. avium subsp. paratuberculosis were
hypertrophied, the intestinal crypt length was decreased, and
elongated glandular cells were also present in both the mucosa
and the submucosa. Tissues from mice receiving live M. avium
subsp. paratuberculosis were also stained using the Ziehl-
Neelsen method as well as cultured for the presence of M.
avium subsp. paratuberculosis. However, neither resulted in
positive identification of live M. avium subsp. paratuberculosis
cells. While this does not rule out temporary intestinal coloni-
zation of M. avium subsp. paratuberculosis (i.e., �14 weeks), it
suggests that live M. avium subsp. paratuberculosis is not
present 14 weeks after challenge with 104 CFU.

Characteristics of colitis progression in IL-10�/� mice. Se-
vere colitis progression in IL-10�/� mice closely corresponded
with increased SAA levels (�280 �g/ml) and with a 15% re-
duction in body weight compared with the initial body weight.
IL-10�/� mice do not develop severe colitis under germfree
conditions but develop spontaneous colitis, which is associated
with weight loss, diarrhea, and ruffled fur, under conventional
housing conditions (30). The results of the present study show
that mice that were challenged with M. avium subsp. paratu-
berculosis and housed under otherwise germfree conditions
lost more body weight and experienced higher SAA levels than
did similar mice challenged with heat-killed M. avium subsp.
paratuberculosis or given the control vehicle (Fig. 3 and Table
1). Mice exposed to heat-killed M. avium subsp. paratubercu-
losis had less weight loss than those exposed to live M. avium
subsp. paratuberculosis but had only a marginal increase in the

FIG. 3. Changes in body weight of IL-10�/� mice after M. avium
subsp. paratuberculosis challenge. The wasting disease associated with
murine colitis was observed by monitoring the body weight during
colitis progression. IL-10�/� mice with a B6 background received a
single dose of 200 �l of control (cream; open circles), 104 CFU of live
M. avium subsp. paratuberculosis in cream (solid circles), or 104 CFU
of pasteurized M. avium subsp. paratuberculosis in cream (triangles)
and were maintained under otherwise germfree conditions. Percent-
ages of initial body weight of IL-10�/� mice were recorded biweekly.
The data presented are the means 
 SD for three separate experi-
ments. Asterisks indicate statistically significant differences, i.e., P �
0.01, compared to controls. Experimental groups consisted of 15 mice
each, and assays were repeated three times.

FIG. 4. Serum cytokine levels in IL-10�/� mice after M. avium subsp. paratuberculosis challenge. IL-10�/� mice with a B6 background received
a single dose of 200 �l of the control vehicle (i.e., cream), 104 CFU of live M. avium subsp. paratuberculosis (live MAP) in cream, or 104 CFU of
heat-killed M. avium subsp. paratuberculosis (heat-killed MAP) in cream by gavage and were maintained under otherwise germfree conditions. The
levels of serum TNF-�, IFN-�, CXCL9, CXCL10, and CXCL11 14 weeks after challenge were determined by ELISA, which was capable of
detecting �10 pg/ml TNF-�, IFN-�, or CXCR3 ligand. The data presented are the mean TNF-�, IFN-�, and CXCR3 ligand concentrations 
 SD
(ng/ml). Asterisks indicate statistically significant differences, i.e., P � 0.01, compared to controls. Experimental groups consisted of 15 mice each.
Assays were repeated three times.

VOL. 75, 2007 MYCOBACTERIUM AND COLITIS PROGRESSION 3725



SAA level. The results indicate that mice challenged with live
M. avium subsp. paratuberculosis show rapid colitis progression
associated with elevated SAA levels and reductions in body
weight compared with the control group.

M. avium subsp. paratuberculosis challenge enhances sys-
temic CXCR3 ligand and Th1 cytokine levels. IFN-� has been
shown to be elevated during intestinal inflammation, and TNF-�
is overproduced during IBD (29). We next examined the expres-
sion of these cytokines and CXCR3 ligands after M. avium subsp.
paratuberculosis challenge. IFN-� and TNF-� levels were signifi-
cantly higher (�6-fold) in sera of IL-10�/� mice challenged with
live M. avium subsp. paratuberculosis than in control mice; mice
exposed to heat-killed M. avium subsp. paratuberculosis had �2-
fold greater TNF-� and IFN-� responses than those of controls,
but these differences were not significant (Fig. 4). Serum levels of
CXCL10 and CXCL11, but not CXCL9, were significantly in-
creased in mice challenged with live or heat-killed M. avium
subsp. paratuberculosis compared with those for mice in the con-
trol group. These results indicate that exposure to M. avium
subsp. paratuberculosis increased the production of systemic
IFN-�, TNF-�, CXCL10, and CXCL11.

V�11� T-cell receptor (TCR)-restricted peptide from
Ag85B/MPT59 enhances proliferation and T helper cytokine
response. To determine if M. avium subsp. paratuberculosis
challenge promoted Ag-specific T helper responses, we next
examined the ability of peptide 25 to stimulate proliferative
responses by CD4� T cells isolated from the MLN and PP of
mice previously challenged with live M. avium subsp. paratu-
berculosis, heat-killed M. avium subsp. paratuberculosis, and/or
control vehicle. BrdU is incorporated into newly synthesized
DNA strands of actively proliferating cells. Peptide 25-stimu-
lated CD4� T cells from the MLN and PP of mice previously
challenged with either live or heat-killed M. avium subsp. para-
tuberculosis exhibited marked increases in BrdU incorporation
compared with similar CD4� T cells from mice challenged with
cream alone (Fig. 5). These results suggest that Ag restimula-
tion after exposure to M. avium subsp. paratuberculosis en-
hances CD4� T-cell proliferation.

We next examined cytokine production following peptide 25
stimulation. IL-2 levels were significantly increased in CD4� T
cells from the MLN and PP of mice previously challenged with
live or heat-killed M. avium subsp. paratuberculosis compared
with those for control mice. However, IL-4 was not significantly
expressed following ex vivo Ag stimulation (Fig. 6). IFN-� and
TNF-� secretion by peptide 25-stimulated CD4� T cells from
the PP and MLN of mice challenged with live or heat-killed M.
avium subsp. paratuberculosis was significantly higher than that
by similar cells from controls. These results indicate that M.
avium subsp. paratuberculosis Ag85 presentation by Ag-pre-
senting cells (APCs) induces CD4� T cells from MLN and PP
to produce IFN-�, IL-2, and TNF-�.

DISCUSSION

Although there is no recognized etiology for IBD, interest in M.
avium subsp. paratuberculosis as a possible causative agent for
IBD began due to similarities in the chronic idiopathic granulo-
matous and intramural inflammation observed in cases of both
CD and veterinary Johne’s disease, with M. avium subsp. paratu-
berculosis being the recognized cause of Johne’s disease. In addi-

tion, identical strains of M. avium subsp. paratuberculosis were
obtained from three CD patients, one of which was used in this
study (5). In the present study, anti-M. avium subsp. paratubercu-
losis serum IgG2a Ab levels were higher in IL-10�/� mice with
spontaneous colitis. These Th1-associated Ab responses corre-
lated with relatively high levels of serum TNF-� and IFN-�. A
similar elevated Ab response of IBD patients to a purified protein
from M. avium subsp. paratuberculosis has been reported (24). It
has also been shown that Ab reactivity of sera to the P36 myco-
bacterial Ag was higher for IBD patients (10). These results
illustrate a plausible link between Mycobacterium and IBD.

To study the nature of this association, we used a mouse model
to explore the Th1-based responses to M. avium subsp. paratu-
berculosis and, more precisely, M. avium subsp. paratuberculosis

FIG. 5. Anti-peptide 25 Ag (from MPT59)-induced proliferation of
and IL-2 production by CD4� T cells from IL-10�/� mice. IL-10�/�

mice with a B6 background received a single dose of 200 �l of control
vehicle (cream only; open bars), 104 CFU of live M. avium subsp.
paratuberculosis in cream (hatched bars), or 104 CFU of heat-killed M.
avium subsp. paratuberculosis in cream (solid bars) and were main-
tained under otherwise germfree conditions. CD4� lymphocytes de-
rived from the MLN and PP of the mice were purified and cultured at
a density of 5 � 106 cells/ml with peptide 25 (1 �g/ml) for 3 days with
�-irradiated APCs (106 cells/ml). Cytokines present in culture super-
natants were determined by ELISA. Proliferation was measured by
BrdU incorporation. The data presented are the mean OD450 values
for proliferative responses and the mean concentrations of IL-2 secre-
tion (pg/ml) 
 SD for quadruplicate cultures. Asterisks indicate sta-
tistically significant differences, i.e., P � 0.01, compared to controls.
Experimental groups consisted of 15 mice each, and experiments were
repeated three times.
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Ag exposure. We hypothesized that exposure to M. avium subsp.
paratuberculosis would enhance the development of colitis in IL-
10�/� mice by modulating the production of Th1 and inflamma-
tory cytokines. The study results demonstrate that IL-10�/� mice
show M. avium subsp. paratuberculosis-specific Ab responses in
serum and that exposure to M. avium subsp. paratuberculosis
under otherwise germfree conditions in the murine model en-
hances the progression of colitis by decreasing body weight and
increasing the SAA level as well as local and/or systemic
CXCL10, CXCL11, IFN-�, and TNF-� levels in IL-10�/� mice
compared with those of control IL-10�/� mice exposed only to
the control vehicle. Furthermore, we demonstrated that the
changes in CXCR3 ligands and Th1 cytokines are driven in part
by peptide 25-specific CD4� T-cell responses.

It is well established that IL-12 drives Th1 differentiation and
subsequent IFN-� production (32). Indeed, IL-12, IL-23 (with the
IL-12p40 subunit), and IFN-� play a critical role in the induction
and progression of colitis (25). We demonstrated that local and/or
systemic expression of TNF-�, IFN-�, and CXCR3 ligand(s) is
increased in live M. avium subsp. paratuberculosis-challenged
mice compared with that for the other groups. The presence of
CXCL10 interacting with CXCR3 is considered an important
signal for selective homing or activation of effector cells, which
preferentially accumulate at some inflammatory sites (28). Per-
haps the production of the CXCR3 ligands, IFN-�, and TNF-� in
the sera during colitis progression creates a situation in which Th1
cells are recruited, further differentiated, and expanded to initiate
or maintain a state of colitis.

SAA is elevated in and alters many inflammatory conditions,
such as IBD (8). TNF-� levels are also elevated in tissues and
produced by mucosal cells of the LP during inflammation (4,
27). While TNF-� produced by CD4� T cells is neither suffi-
cient nor required for the induction of murine colitis, its pro-

duction by APCs is essential for colitis (7). In the present study,
the amount of TNF-� from MLN, PP, and LP lymphocytes was
increased following M. avium subsp. paratuberculosis challenge
compared with that for the control group. The interaction
between specifically sensitized T cells and activated macro-
phage effector cells is considered a hallmark of protective
immunity against pathogenic mycobacteria (2).

Unlike nominal Ags, which stimulate a small fraction of T
cells, super-Ags stimulate a majority of T cells bearing a TCR
carrying a specific V region polypeptide chain (9). Peptide 25
is not a super-Ag per se because it requires Ag processing in
order to stimulate V11� Th1 cells. It is tempting to speculate
that since Ag85B aids bacillus survival by inhibiting delayed-
type hypersensitivity responses, perhaps hosts susceptible to
Mycobacterium infection have evolved mechanisms targeting
the Ag85 complex to inhibit this function. The present study
shows that Ag85B/MPT59 peptide 25 induces proliferation and
cytokine production by CD4� T cells from M. avium subsp.
paratuberculosis-challenged mice.

The transfer of CD4� CD45RBhigh T cells into immunod-
eficient mice leads to colitis, with expansion of these T cells via
Ag-specific activation. Donor CD4� CD45RBhigh T cells from
I-Ab-restricted mice are V3, V4, V15, V18, and V11
positive and polyclonal, which allows them to respond to mul-
tiple Ags (18). Once transferred, the polyclonal V11� T cells
home to the large intestine; next, specific V11� clonal or
oligoclonal populations expand and colitis develops. While
these observations and our findings do not support the notion
that there is a single predominant Ag that mediates colitis, they
do not exclude this possibility or the possibility that multiple
Ags act to expand V11� clonal or oligoclonal populations. It
is possible that peptide 25 is a mycobacterial TCR-specific Ag
that may contribute to colitis pathogenesis by inducing a local

FIG. 6. MPT59/Ag85B peptide 25-specific T helper cytokine production by CD4� T cells in IL-10�/� mice. IL-10�/� mice with a B6 background
received a single dose of 200 �l of control vehicle (cream only; open bars), 104 CFU of live M. avium subsp. paratuberculosis in cream (hatched
bars), or 104 CFU of heat-killed M. avium subsp. paratuberculosis in cream (solid bars) and were maintained under otherwise germfree conditions.
CD4� T cells from the MLN and PP of the mice were purified and cultured at a density of 5 � 106 cells/ml with peptide 25 (1 �g/ml) for 3 days
along with 106 cells/ml of �-irradiated APCs. Cytokine production by these ex vivo Ag-stimulated T helper cells was determined by ELISA. The
data presented are the mean IL-4, TNF-�, and IFN-� secretions (pg/ml) 
 SD for quadruplicate cultures. Asterisks indicate statistically significant
differences, i.e., P � 0.01, compared to controls. Groups consisted of 15 mice each, and experiments were repeated three times.
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release of cytokines from Ag85/MPT59-reactive T cells bearing
the V11-encoded mouse TCR. This has far-reaching impli-
cations considering that the peptide 25 epitope is conserved
among several Mycobacterium species (31).

Activation of Toll-like receptors (TLRs) leads to the induc-
tion of antimicrobial pathways central to innate defense as well
as to upregulation of Ag presentation and secretion of cyto-
kines. It was recently shown that TLR-activated dendritic cells
generally favor Th1 responses, due largely to TLR ligation
inducing the production of IL-12 (13). M. avium subsp. para-
tuberculosis may provide TLR ligands to stimulate IL-12
production, which is necessary to facilitate the induction and
progression of colitis in IL-10�/� mice (11, 23). Mycobacteri-
um-induced colitis in IL-10�/� mice might be a highly relevant
model for future study. While additional studies will be re-
quired to ascertain the role of M. avium subsp. paratuberculosis
during the induction and progression of colitis, we report that
live or heat-killed M. avium subsp. paratuberculosis challenge
leads to colitis in IL-10�/� mice housed under germfree con-
ditions. The results further suggest that M. avium subsp. para-
tuberculosis functions in an immunologic rather than infectious
capacity and that it may not be essential for M. avium subsp.
paratuberculosis organisms to be alive to exert their immuno-
pathogenic potential on susceptible hosts.
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