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Bovine paratuberculosis is caused by the infection of young calves with Mycobacterium avium subsp. para-
tuberculosis, resulting in a chronic granulomatous infection of predominantly the ileum. After an incubation
period of 2 to 5 years, the disease becomes progressive in some of the chronically infected, but asymptomatic
cows. This results in a protein-losing enteropathy that will ultimately be fatal. A loss of cell-mediated immune
responses in symptomatic animals has been described, but no information is available concerning immune
reactivity in the intestine. We sought to investigate putative disease status-associated lymphocyte subset
distributions and antigen-specific functional characteristics of mononuclear cells isolated from blood, gut-
associated lymphoid tissue, and the intestinal walls of 22 cows in different stages of disease and in control
animals. The results demonstrated a significant decrease in CD4™ T-cell frequency and a significant increase
in TcR1-N12" 8 T-cell frequency in ileum lamina propria lymphocytes of symptomatic animals compared to
the asymptomatic shedders. Immunohistology revealed that there was also an absolute decrease in the number
of CD4™ T cells in sections of the lesional ileun. Our findings also indicated that both peripheral and intestinal
cell-mediated responses are decreased in symptomatic animals compared to asymptomatic animals. We
conclude that the decrease in cell-mediated responses is likely related to a loss of antigen-specific CD4™ T cells,
which is most prominent in the lesional ileum from symptomatic animals, thus contributing to the progressive

nature of bovine paratuberculosis.

Bovine paratuberculosis is an intestinal mycobacteriosis
caused by the infection of young calves with Mycobacterium
avium subsp. paratuberculosis, resulting in a chronic granulo-
matous infection of predominantly the ileum. One of the char-
acteristics of the pathogenesis of bovine paratuberculosis is the
progression from the prolonged asymptomatic stage (2 to 5
years after infection) to the stage in which clinical signs of
protein-losing enteropathy (i.e., diarrhea and weight loss),
which will ultimately be fatal, become apparent. This advance
to the clinical stage is associated with extensive progression of
the granulomatous infection in the small intestine (13, 14). In
sheep the clinical stage can be associated with either tubercu-
loid (granulomas with lymphoid cell infiltrate, low numbers of
macrophages with low intracellular bacterial burden) or lepro-
matous (diffuse and extensive lesions with predominantly mac-
rophage infiltrate with high intracellular bacterial burden) le-
sions. In bovine paratuberculosis, lesions are mostly of the
lepromatous type (8, 14). Observations on the immunological
aspects of bovine paratuberculosis have largely been derived
from studies aimed at improving immunodiagnostics and have
mostly focused on immunological parameters in peripheral
blood. From these studies, it became apparent that the pro-
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gression from asymptomatic to clinical Johne’s disease is asso-
ciated with a decrease in peripheral cell-mediated immunity
and increasing production of antibodies (10).

Based on their function and cytokine profiles, T cells can be
characterized as Thl or Th2 T cells (1, 39). Thl T cells are
involved in effective immune responses to intracellular patho-
gens by promoting microbicidal activities of macrophages via
gamma interferon. Th2 T cells promote immunoglobulin G1
(IgG1) antibody production, suppress Thl activity, and are
likely ineffective in case of intracellular infections (1, 7). The
Th cell paradigm is not as clear in outbred species, such as
cattle, where typical Th1 and Th2 T cells can be found but are
outnumbered by the ThO phenotype T cells (7).

Since it has become clear that by secretion of Thl and Th2
cytokines by cells other than the CD4* Th cells play a role in
this balance of immune reactivity, Bloom et al. (5) have intro-
duced the terminology of type I and type II responses to en-
compass the overall response to a complex antigen or patho-
gen. For bovine paratuberculosis, it may be hypothesized that
the change from predominantly cell-mediated immune re-
sponses to increased humoral responses is caused by a switch
from type I to type II immune reactivity. In addition to data
available from the literature, which are reviewed by Chiodini
(10), we addressed several aspects of this putative type-I-to-
type-II shift in bovine paratuberculosis. In the clinical stage of
paratuberculosis, the decrease in peripheral cell-mediated re-
sponses to several mycobacterial antigens can be clearly dem-
onstrated (28). However, the distribution of isotypes in anti-
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gen-specific antibody responses showed a predominant loss of
Thl-associated antibodies (IgG2) rather than an increase in
Th2-associated IgG1 (27). To date, no information is available
on the local cell-mediated immune responses in the different
stages of bovine paratuberculosis.

The aim of the present study was to determine whether
changes in local and peripheral T-lymphocyte subsets and cell-
mediated immune responses could be observed that were as-
sociated with the progression of bovine paratuberculosis from
the asymptomatic stage to the clinical stage of the disease. For
this purpose, peripheral blood and intestinal lymphocyte pop-
ulations of healthy animals, vaccinated animals, asymptomatic
animals, and animals with clinical Johne’s disecase were exam-
ined by flow cytometry and in situ immunohistochemistry.
Functional aspects of blood, mesenteric lymph node, and in-
testinal lymphocyte populations were determined by antigen-
specific and mitogen-induced lymphoproliferation.

MATERIALS AND METHODS

Animals. Samples were taken from 23 cows (aged 2 to 8 years, average, 3.9
years), which were grouped according to their paratuberculosis status. Samples
from five animals were taken at a slaughterhouse in an area of low apparent
prevalence of paratuberculosis (control). Apart from the animals in the control
group, the cows (n = 18) originated from Dutch dairy farms known to have
endemic paratuberculosis. Five cows, which were vaccinated in the first month of
life with the M. avium subsp. paratuberculosis strain 3+5/C vaccine (ID-Lelystad,
Leylstad, The Netherlands) prepared according to the Office International des
Epizooties (OIE) manual (22) (vaccinated, n = 5). A group of asymptomatic
shedders (shedders, n = 7) was selected based on prior fecal culture results.
Cows with symptoms of clinical disease (clinical, n = 6) were selected based on
a history of weight loss, decreased milk production and diarrhea; cachetic ani-
mals in advanced clinical stages of paratuberculosis with total serum protein
concentrations below 40 mg/ml were excluded. All animals were sampled before
and after slaughter.

Sampling. Blood was taken from the jugular vein by using heparinized tubes
prior to slaughter. After exsanguination, a small part of the terminal ileum (ca.
40 cm?) and the draining ileocecal lymph node, as well as a part of distal jejunum
(ca. 40 cm?) and the draining jejunal lymph node (both located ca. 2 m proximal
of the ileocecal valve), were excised, and carefully freed of mesentery and fat.
The lymph nodes were aseptically divided in two equal parts, and one part was
stored in RPMI 1640 tissue culture medium supplemented with 2% fetal calf
serum (FCS), 50 TU of penicillin/ml, and 50 g of streptomycin/ml (all from
Gibco-BRL, Paisley, United Kingdom) and 5 IU of heparin (Leo Pharmaceutical
Products, Weesp, The Netherlands)/ml (wash medium). The other part was again
divided in two; one part was stored in a buffered formalin (4%) solution, and the
other part, to be used for immunohistochemistry on cryostat sections, was im-
mediately frozen in isopentane cooled by liquid nitrogen. Small parts of the
intestinal sections were also processed for later histological examinations as
described above. The remainder of the intestinal sections was washed once in
phosphate-buffered saline (PBS) to remove mucus and fecal matter and then
stored in PBS without Ca/Mg (PBS-0). During transport to the laboratory, the
samples were kept on ice except for the cryostat sections, which were transported
in liquid nitrogen, and the sections in formalin, which were transported at
ambient temperature.

Isolation of lymphocytes. The lymph nodes were divided into two parts. One
part was used for bacteriological culture. The remaining part was cut into pieces
of ca. 3 mm? which were forced through a nylon mesh (NPBI) to obtain a single
cell suspension diluted in wash medium.

To isolate intraepithelial lymphocytes (IEL) and lamina propria lymphocytes
(LPL) from the sections of small intestine, nonenzymatic mechanical methods
were used. The IEL were collected by slow rotation of the intestinal sections (40
cm?) in 35 ml of PBS-0 for 15 min at room temperature three consecutive times.
Between treatments, the fluid was aseptically collected and replaced with fresh
PBS-0. After the third time the remaining intestinal tissue was used to isolate the
LPL (see below). The crude cell suspension containing the IEL was put on ice
twice for 10 min each time to allow large particles to sedimentate, after which the
IEL containing supernatant was collected, and the pellet was discarded. Finally,
the cell suspension was centrifuged for 10 min at 500 X g, and the pellet
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TABLE 1. Monoclonal antibodies used in flow cytometric analysis

Monoclonal

antibody Isotype Antigen identified Reference

ILA-42 IgG2a  Bovine CD2 20
ILA-12 IgG2a  Bovine CD4 3

CACT138A  IgGl1 Bovine CD4 23
ILA-51 1gG1 Bovine CD8 21
ILA-29 1gG1 Bovine WC1 (y3 T cells) 15
CACT61A IgM Bovine TCR1-N12 (v3 T cells) 19
GB25A 1gG1 Bovine CD21-like (B cells) 6

containing the TEL was resuspended in RPMI 1640 tissue culture medium sup-
plemented with 2% FCS, 50 IU of penicillin/ml, and 50 g of streptomycin/ml
(all from Gibco-BRL) and 5 TU of heparin (Leo Pharmaceutical Products)/ml
(wash medium) and stored at 4°C until further processing.

The intestinal sections from which the IEL had been isolated were washed
twice in 35 ml of PBS-0 to remove residual IEL. Subsequently, the remaining
mucosa was removed by gently scraping the sections, followed by one more wash
with 35 ml of PBS-0. At this point samples were taken for routine histology to
verify that the IEL-containing mucosa was adequately removed. The serosa was
then carefully removed, and the remaining tissue was cut into pieces of ca. 1
mm?. These pieces were kept in suspension in RPMI wash buffer by slow rotation
for 30 min at room temperature. To isolate the LPL, the supernatant was
collected and centrifuged for 10 min at 500 X g, and the pellet was resuspended
in wash medium and stored at 4°C until further processing.

The mononuclear lymphocytes from these lymph node cell suspensions, i.e.,
the IEL- and LPL-containing suspensions, and from the heparinized blood were
collected by Ficoll-Isopaque density gradient centrifugation as described earlier
(28), resulting in populations of mesenteric lymph node mononuclear cells
(MLMC), peripheral blood mononuclear cells (PBMC), IEL, and LPL. The
viability of these cell populations was >95% as assessed by trypan blue dye
exclusion.

Cells were either stored in cold PBS supplemented with 1% bovine serum
albumin and 0.01% sodium azide (fluorescence-activated cell scan [FACS]
buffer) and stored at 4°C until staining for flow cytometric analysis or kept in
Iskove tissue culture medium supplemented with 10% FCS, 50 IU of penicillin/
ml, 50 pg of streptomycin/ml, 2 mM L-glutamine (all from Gibco-BRL), and 5 X
107> M B-mercaptoethanol (Flow Laboratories, Ivume, United Kingdom) for
functional assays.

Flow cytometric analysis. Single-color flow cytometric analysis was performed
with monoclonal antibodies against bovine lymphocyte markers that have been
described earlier (see Table 1), according to procedures described previously
(28). Briefly, cells (PBMC, MLMC, IEL, and LPL) were washed twice in FACS
buffer, incubated with the first antibody (Table 1) for 30 min at 4°C, washed
twice, subsequently incubated with a fluorescein isothiocyanate-labeled goat
anti-mouse immunoglobulin antibody (H+L; Becton Dickinson) for 30 min at
4°C, washed once, and collected in 200 pl of FACS buffer prior to analysis.
Analysis was done on a flow cytometer (FACSCalibur; Becton Dickinson). A
forward-scatter—side-scatter lifegate was used to measure 2,000 to 5,000 lympho-
cytes per sample. Based on the fluorescence data of the lymphocytes, the results
were expressed as the percentage of cells with positive staining relative to a
sample stained with an isotype control antibody. The CD4/CDS8 ratio was calcu-
lated by dividing the frequency of CD4 " cells by the frequency of CD8™ cells.

(Immuno)histochemistry. Formalin-fixed samples were processed routinely
for histological examination. Sections were cut and stained with hematoxylin and
eosin and by the Ziehl-Neelsen method for the detection of acid-fast organisms.

Serial sections (5 wm) of the frozen ileocecal lymph node and ileum of each
animal from the control group, each of the shedders, and each of the animals
with clinical signs were cut by using a cryotome onto poly-L-lysine-coated glass
slides and allowed to air dry at room temperature for 1 h. Sections were fixed in
acetone supplemented with 0.07% H,O, to block endogenous peroxidase for 10
min and washed with distilled water and PBS containing 0.05% Tween 20 (PBS-
Tween) for 5 min each. To prevent nonspecific binding of antibodies, slides were
preincubated with PBS supplemented with 10% horse serum for 20 min at room
temperature. The primary CACT138A (anti-bovine CD4) and CACT61A (anti-
bovine TcR1-N12) (Table 1) polyclonal rabbit anti-M. paratuberculosis antibod-
ies (Dako) were added to the serial sections, followed by incubation for 1 h at
room temperature. Slides were washed in PBS-Tween, and biotinylated horse
anti-mouse antibodies (Vector) were added to the slides, followed by incubation
for 30 min. After washing with PBS-Tween, ABC streptavidin-biotin complex
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TABLE 2. Results of bacteriological culture for M. avium subsp.
paratuberculosis in tissue sections

No. of samples positive/total no. cultured” in:

Status
Tleum Ileocecal LN Jejunum Jejunal LN
Control 0/5 0/5 0/5 0/5
Vaccinated 3/5 2/5 4/5 2/5
Shedder 6/6 5/6 6/6 5/6
Clinical 6/6 6/6 6/6 6/6

“ The numbers indicate the number of samples with growth of M. avium subsp.
paratuberculosis/total number of samples cultured. LN, lymph node.

(Vector) was added to the slides. Positive staining was visualized by using 3-ami-
no-9-ethylcarbazole (AEC) (Sigma) as the chromogen. Sections were counter-
stained in hematoxylin, cleared through tap water and destined water, and
mounted by using aquamount (BDH, Poole, United Kingdom)

Immunohistochemically stained cells were counted at a X400 magnification,
i.e., fields of 0.159 mm?. For each ileum tissue section, 10 view fields, equally
distributed between the villus and crypt areas, were counted. In the case of the
lymph node sections, cells in 10 view fields in the paracortical area were enu-
merated.

Antigens. Recombinant M. avium subsp. paratuberculosis Hsp65 and Hsp70
were produced according to methods described in detail earlier (16, 27). The
purity of the recombinant Hsp65 and Hsp70 was checked by using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and preparations were tested
for lipopolysaccharide contamination by Limulus amebocyte assay (Sigma, St.
Louis, Mo.). The bovine HSP/HSC70 was supplied by Stressgen.

A purified protein derivative (PPD-P) was prepared from M. avium subsp.
paratuberculosis strain 3+5/C culture supernatant according to the OIE manual
(22) at the Institute for Animal Health and Science (Lelystad, The Netherlands).

M. avium subsp. paratuberculosis strain 316F was grown at the Institute for
Animal Health and Science.

Lymphocyte stimulation test. Lymphocyte stimulation tests were performed in
96-well microtiter plates (Costar, Cambridge, Mass.) by using 100 pl of the
PBMC suspension and 100 pl of antigen per well; all tests were performed in
triplicate. The mycobacterial antigens PPD-P, Hsp65, Hsp70, and bovine Hsp70
were used in predetermined optimal concentrations of 10 wg/ml each. Strain
316F bacteria were briefly sonicated, counted, and used in a concentration of 107
CFU/ml. Concanavalin A (ConA) was used as a positive control (2.5 pg/ml), and
medium alone was used as a negative control.

Cells were cultured at 37°C and 5% CO, in a humidified incubator for 3 days.
Then, 0.4 wCi of [*H]thymidine (Amersham International) was added to each
well, and cells were cultured for an additional 18 h. Subsequently, cells were
harvested onto glass fiber filters, and the incorporation of [*H]thymidine was
measured by liquid scintillation counting and expressed as the stimulation index
(SI), which was calculated by dividing the counts per minute (cpm) of a specific
stimulation by the cpm of the medium control.

Diagnosis of paratuberculosis. Samples from the two mesenteric lymph nodes
and the two pieces of small intestine were used for bacterial culture, which was
performed at the Institute for Animal Science and Health according to a mod-
ification of the method of Jorgensen (25). Samples were checked for bacterial
growth every 4 weeks and considered negative if, after a culture period of 6
months, no bacterial growth was observed. Bacterial growth was confirmed to be
M. avium subsp. paratuberculosis based on mycobactin dependence of the culture
and the confirmation of the presence of the specific IS900 insertion sequence by
PCR (45).

Statistical analysis. The SPSS 7.5 statistical software was used for analysis of
the data. Data from the flowcytometric analysis were analyzed with one-way
analysis of variance, followed by Bonferroni multiple comparisons. For compar-
isons of anatomical locations, the data on mesenteric lymph nodes and LPL and
IEL populations was combined per location and compared to lymphocyte subset
frequencies in blood. For comparison of disease status, data were analyzed
separately for each isolated population. Nonparametric tests were used for the
comparison of the lymphoproliferation assays of the different groups and con-
ditions. For comparisons of similar anatomical locations between the different
groups of animals, the Kruskal-Wallis test was used for one-way analysis of
variance. Comparisons between the different anatomical locations within groups
of animals were made by using the Friedman test for two-way analysis of variance
by ranks. In case of significant differences between groups as indicated by the
analysis of variance, multiple comparisons of groups were made according to
methods described previously (41). The level of significance was set at P < 0.05.

INFECT. IMMUN.

RESULTS

Diagnosis of paratuberculosis. The results of bacteriological
cultures are summarized in Table 2. No bacterial growth was
observed in samples from control animals. In the vaccinated
animals, 40% of the ileocecal and jejunal lymph nodes, 60% of
the ileal sections, and 80% of the jejunal sections were culture
positive. One vaccinated animal tested negative on all samples.
Except for the culture of one ileocecal and one jejunal lymph
node section of the shedders, all samples were culture positive.
In the shedders and vaccinated animals the animals that had
been positively identified by fecal culture were also positive for
at least two of four tissue sections cultured per animal. All
samples from the animals with clinical Johne’s disease had a
positive bacteriological culture, and histological examinations
showed diffuse granulomatous lesions. These lesions were most
apparent in the ileum. Ziehl-Neelsen staining showed the pres-
ence of macrophages and multinucleated giant cells with high
numbers of acid-fast bacteria.

Flow cytometric analysis: lymphocyte subset distributions
and anatomical locations. Flow cytometric analysis of CD4™"
CD8" TcR1-N12" cell subsets, as well as the WC1™ cells,
which are a subset of the TcR1-N12* 8 T cells, indicated
differences that were related to the anatomical site from which
cells were isolated. In animals from the control group (Fig. 1),
the mononuclear cells isolated from the blood and the mesen-
teric lymph nodes consisted predominantly of CD4" T cells
(43.2 and 46.0%, respectively) and had comparable frequen-
cies of CD8™ T cells (19.8 and 12.9%, respectively). In blood a
higher frequency of TcR1-N12* cells were found compared to
in the lymph nodes (21.8 and 8.1%, respectively [P < 0.05]).
Compared to blood and lymph nodes, the frequency of CD4™
T cells in the LPL population (22.1%) was significantly lower
(P < 0.05 for both comparisons). The frequency of CD8" T
cells was comparable in blood, lymph nodes, and LPL (16.1%).
The frequency of TcR1-N12" 48 T cells in the LPL popula-
tions (11.9%) was comparable to the frequency observed in

3 PBMC
EELN

N EL

% positive staining cells

CD4 CcD8
lymphocyte subset

TcR1N12 WC1

FIG. 1. Distribution of lymphocyte subsets related to anatomical
location. Representative data on the frequency (percent positive-stain-
ing cells in flow cytometry plus the standard error [SE], n = 5 animals
[group: control]) of the different lymphocyte subsets (CD4" T cells,
CD8" T cells, TcR1-N12" 3 T cells, and WC1* v3 T cells) in mono-
nuclear cell populations isolated from blood (PBMC), the mesenteric
lymph nodes (LN), the lamina propria (LPL), and the epithelium
(IEL). WC1* 3 T cells are a subset of the TcR1-N12" 43 T cells, most
vd T cells in PBMC are WC1™ in contrast to those in mesenteric lymph
nodes, LPL, and IEL. CD4" T cells predominate in PBMC and mes-
enteric lymph node populations, but their frequency is very low in IEL.
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FIG. 2. CD4" af T-cell numbers in LPL in ileum sections as de-
termined by FACS analysis. The frequency of CD4"* T cells (plus the
SE) in LPL populations isolated from the ileum of cows from the
control (n = 5), vaccinated (n = 5), shedder (n = 6), and clinical (n =
6) groups. Letters above columns indicate the results of statistical
analysis. Columns that do not share letters are significantly different (P
< 0.05).

mesenteric lymph nodes but lower than that observed in blood
(P < 0.05). The frequency of CD4" T cells in the IEL popu-
lations (7.9%) was significantly lower compared to frequencies
in blood, mesenteric lymph nodes, and LPL populations (P <
0.05 for all comparisons). The frequency of CD8* T cells in the
IEL populations (31.1%) was significantly higher compared to
frequencies in blood, mesenteric lymph nodes, and LPL pop-
ulations (P < 0.05 for all comparisons). The frequency of
TcR1-N12" 48 T cells in IEL populations was significantly
higher compared to mesenteric lymph node and LPL popula-
tions (P < 0.05 for both comparisons) but was comparable to
the frequency observed in blood. The frequency of WC1" 3 T
cells (13.1%) was higher in blood compared to frequencies
found in mesenteric lymph nodes (3.4% [P < 0.05]), LPL
populations (6.5% [P < 0.05]), and IEL populations (4.3% [P
< 0.05]).

For these overall differences of lymphocyte subset distribu-
tions related to anatomical location, no statistical significant
changes were found between the different groups of animals
studied (data not shown), indicating the validity of the proce-
dures to isolate lymphocytes from different anatomical loca-
tions. The data obtained from the control group is shown as
being representative for the differences observed between the
different anatomical locations (Fig. 1).

Lymphocyte subset distribution and disease status. (i)

IMUNOPATHOGENESIS OF BOVINE PARATUBERCULOSIS 3859

CD4™*-T-cell frequencies. Differences between the frequencies
of CD4™ T cells were found in the LPL populations of the
ileum when we compared the different groups of animals. An-
imals with clinical signs of paratuberculosis had significantly
fewer CD4" T cells (7.8% * 1.9%) compared to shedders
(22.7% = 33%) (P < 0.01) (Fig. 2). A similar trend was
observed in CD4*-T-cell frequencies of the ileocecal lymph
node draining this part of the ileum, but these differences were
not statistically significant (Table 3). In the other lymphocyte
populations, no significant disease-associated changes were ob-
served.

(ii) CD8*-T-cell frequencies. The frequencies of CD8" T
cells did not differ when we compared the four different groups
of animals.

(iii) TcR1-N12* yd T-cell frequencies. The frequencies of
TcR1-N12" 3 T cells were significantly increased in the ileum
LPL populations of animals with clinical signs of paratubercu-
losis (23.9% = 6.3%) compared to frequencies observed in
shedders (10.9% = 4.2% [P < 0.05]) and control animals
(10.5% = 2.5% [P < 0.05]). This pattern was not seen in the
TcR1-N12 v8 T-cell frequencies in the ileocecal lymph node.
In the other lymphocyte populations no significant disease-
associated changes were observed (Table 3).

(iv) Other lymphocyte subsets. No disease status-associated
changes were observed with respect to WC1" 8 T cells,
CD14" monocytes/macrophages, or CD21" B cells (data not
shown).

Immunohistology. Immunohistological evaluation showed
that the numbers of CD4" cells in the lamina propria of the
ilea of animals with clinical signs were lower compared to those
observed for shedders and control animals (Fig. 3). Upon com-
paring control and clinical animals, we noted a significant re-
duction (P < 0.05) of 55.6% (compared to 56.4% as judged by
flow cytometric analysis). Upon comparing CD4™" cells of shed-
ders and clinical animals, we observed a significant reduction
(P < 0.05) of 60.0% (compared to 47.7% as judged by flow
cytometric analysis). With respect to the ileocecal lymph node
sections, the number of CD4" cells in animals with clinical
signs was lower compared to those of shedders and control
animals (P < 0.05). Differences in the numbers of TcR1-N12*
cells, as enumerated by immunohistology, did not differ signif-
icantly between the different groups of animals. The average
TcR1-N12/CD4 ratio in the ilea of animals with clinical signs

TABLE 3. T-lymphocyte subset frequencies and disease status®

Avg % positive-staining cells (SE)

Locati CD4™" T cells TcR1-N12* 8 T cells
ocation
Control Vaccinated Shedder Clinical Control Vaccinated Shedder Clinical
(n=15) (n=25) (n =06) (n =06) (n=25) (n=25) (n =06) (n =6)
PBMC 432 (5.0) 33.7 (4.6) 22.0 (3.1) 214 (8.3) 21.8 (2.4) 14.6 (1.8) 4.4 (15) 73(2.1)
LN ileum 43.6 (2.3) 37.4 (3.7) 49.9 (7.8) 26.1 (8.4) 8.8 (1.3) 42 (0.9) 2.4(0.7) 41 (1.4)
LN jejunum 48.5(7.0) 415 (4.1) 472 (4.7) 28.6 (8.1) 73(0.7) 4.1(0.4) 5.8(2.2) 5.4 (1.5)
LPL ileum 17.9 (3.9) 13.8 (0.6) 227 (3.3) 7.8 (1.9) 10.5 (2.5) 14.7 (2.0) 10.9 (4.2) 23.9 (6.3)
LPL jejunum 263 (4.5) 18.4 (2.0) 29.9 (5.2) 20.8 (9.2) 13.4(32) 14.4 (2.0) 9.9 (4.4) 24.6 (5.7)
IEL ileum 11.7 (4.0) 4.9 (2.0) 8.7 (2.3) 3.6 (0.9) 27.6 (3.4) 19.7 (4.6) 183 (5.4) 28.1 (4.5)
IEL jejunum 43(0.6) 74 (2.3) 16.7 (7.7) 13.7 (8.8) 19.5 (3.1) 24.1 (4.1) 21.0 (8.3) 24.8 (6.5)

“ Data are expressed as the average percentage of cells showing positive staining for the given marker (CD4 and TcR1-N12), location (PBMC, mesenteric lymphnode

cells [LN], LPL, and IEL), and disease status.
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FIG. 3. Numbers of CD4" of T cells in LPL ileum sections. The
number of CD4" af T cells per mm? of lamina proprium (plus the
SE), as determined by immunohistochemistry, is shown for sections of
ileum derived from cows from the control (n = 5), shedder (n = 6),
and clinical (n = 6) groups. Letters above columns indicate the result
of the statistical analysis. Columns that do not share letters are signif-
icantly different (P < 0.05).

was 3.1 and was comparable to the average TcR1-N12/CD4
ratio of 2.9 observed with flow cytometry.

Lymphoproliferative responses of PBMC and MLMC. (i)
Lymphoproliferative responses to Hsp70. As depicted in Fig.
4A, the PBMC of control animals (mean SI = 4.3), vaccinated
animals (mean SI = 5.4) and shedders (mean SI = 3.6) had
comparable responses to Hsp70. Only the responses of animals
with clinical Johne’s disease (mean SI = 2.5) were lower than
in control animals (P < 0.05). In the ileocecal MLMC, higher
responses were found in vaccinated animals (mean SI = 15.0;
P < 0.05) and shedders (mean SI = 14.3; P < 0.01) compared
to control animals (mean SI = 2.4). Animals with clinical
Johne’s disease (mean SI = 4.4) had lower responses com-
pared to shedders (P < 0.05) but greater responses compared
to controls (P < 0.05). In the jejunal MLMC, all groups had
greater responses to Hsp70 compared to controls (mean SI =
2.1) (P < 0.001). The vaccinated animals (mean SI = 60.5) and
the shedders (mean SI = 27.5) had similar responses. The
animals with clinical Johne’s disease (mean SI = 4.9) had lower
responses compared to vaccinated animals (P < 0.05) and
shedders (P < 0.01) but still had higher responses than did the
control animals (P < 0.001).

Shedders had higher responses to Hsp70 in both ileocecal
and jejunal MLMC compared to PBMC (both P < 0.05).
Vaccinated animals also had higher responses to Hsp70 in
ileocecal and jejunal MLMC (both P < 0.05). The magnitude
of the responses was not related to the culture status of the
vaccinated animals.

(ii) Lymphoproliferative responses to Hsp60. Except for the
positive responses in ileocecal MLMC of two of seven shed-
ders, Hsp60 did not induce proliferative responses with an SI
of 2 in the animals tested (data not shown).

(iii) Lymphoproliferative responses to PPD-P. Compared to
responses in control animals (mean SI = 12.9), higher re-
sponses were noted in vaccinated animals (mean SI = 71.8) (P
< 0.001) and shedders (mean SI = 280.2) (P < 0.05), as shown
in Fig. 4B. The vaccinated animals had PBMC responses to
PPD-P that were comparable to those found in shedders. An-
imals with clinical Johne’s disease (mean SI = 14.9) had lower
responses compared to shedders (P < 0.05) and vaccinated
animals (P < 0.001) but responses similar to those observed in
control animals. Ileocecal and jejunal MLMC had similar re-
sponse patterns except that animals with clinical Johne’s dis-
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ease (mean SI = 5.9 and 7.2, respectively) had higher re-
sponses compared to those observed in control animals (mean
SI = 1.1 and 1.2, respectively; P < 0.001). The ileocecal and
jejunal MLMC responses of control animals to PPD-P were
much lower compared to the PBMC responses (P < 0.05 for
both MLMC). Apart from the control group, no statistical

:[Jcontrol @ vaccinated @l shedder [ clinical
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‘D control g vaccinated M shedder Nclinical |
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100 be
@ 10
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FIG. 4. Lymphoproliferative responses of PBMC and MLNC. Pro-
liferative responses of mononuclear lymphocyte populations isolated
from blood (PBMC), the ileocecal lymph node (ileum), and a jejunal
lymph node (jejunum). Responses to recombinant M. avium subsp.
paratuberculosis Hsp70 (A), PPD-P (B), and whole bacteria (M. avium
subsp. paratuberculosis strain 316F) (C) and the result of stimulation
with the mitogen ConA (D) are illustrated. Responses, expressed as
the SI (S.I.) plus the SE on a logarithmic scale, are depicted for
animals from the control, vaccinated, shedder, and clinical groups.
Different letters indicate statistically significant differences (P < 0.05)
between the different groups, within an anatomical location.
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FIG. 5. Lymphoproliferative responses of LPL. Lymphoproliferative responses from vaccinated animals (CJ, n = 2), shedders (m, n = 2), and
animals with clinical signs (Y, n = 2) are expressed as the mean SI plus the SE from triplicate measurements. The responses of LPL isolated from
the ileum and the jejunum to M. avium subsp. paratuberculosis Hsp70 and bovine Hsp70 are shown in panels A and C, respectively. The responses
of LPL isolated from the ileum and the jejunum to M. avium subsp. paratuberculosis PPD-P and whole bacteria (M. avium subsp. paratuberculosis

strain 316F [M.a.p. 316F]) are shown in panels B and D, respectively.

significant differences were found between local and peripheral
responses to PPD-P in the other groups.

(iv) Lymphoproliferative responses to M. avium subsp. para-
tuberculosis 316F. As is shown in Fig. 4C, the PBMC of animals
from the control group (mean SI = 3.0) had low proliferative
responses to M. avium subsp. paratuberculosis 316F. The
PBMC of vaccinated animals had higher responses compared
to shedders (P < 0.05), although the difference is limited
(mean SI = of 61.3 versus 59.1). Responses were decreased in
animals with clinical Johne’s disease (mean SI = 10.5) com-
pared to shedders (P < 0.05) and vaccinated animals (P <
0.001) but still higher compared to those observed in control
animals (P < 0.05). The patterns of response of ileocecal and
jejunal MLMC were comparable to those observed for PBMC
except that ileocecal MLMC of shedders (mean SI = 32.0 and
30.3, respectively) had higher responses compared to the
MLMC of vaccinated animals (mean SI = 12.9 and 16.4, re-
spectively; P < 0.05).

Only animals from the control group had lower responses in
the ileocecal (mean SI = 1.5) and the jejunal (mean SI = 1.0)
MLMC compared to the PBMC responses (P < 0.05). The
other groups had local responses that are comparable to the
responses observed in PBMC.

(v) Lymphoproliferative responses to ConA. The mononu-
clear cell responses to the ConA mitogen are shown in Fig. 4D.
The responses of PBMC to ConA are comparable between the
control group, the vaccinated animals, and the animals with
clinical disease. Mitogen-induced responses in the shedders
were higher compared to vaccinated animals (P < 0.05) and

animals with clinical signs of disease (P < 0.05) but similar to
those of the control group. The ileocecal and jejunal MLMC of
animals with clinical Johne’s disease had lower responses com-
pared to the other groups of animals and compared to their
PBMC responses (all comparisons, P < 0.05). Only animals
from the control group had higher responses in their ileocecal
and jejunal MLMC compared to their PBMC (P < 0.05).

(vi) Lymphoproliferative responses of IEL and LPL. Flow
cytometric analysis indicated that purity of the final prepara-
tions, with regard to the frequency of mononuclear cells versus
contaminating epithelial cells, varied considerably in the LPL
preparations (data not shown). Proliferative responses of il-
eum and jejunum LPL were found in cells derived from two
clinical, two shedder, and two vaccinated animals (Fig. 5). The
LPL cells from these six animals showed similar responses to
ConA compared to other cell populations from the same ani-
mal. These cells also responded to PPD-P, Hsp70, and M.
avium subsp. paratuberculosis whole-cell antigen. The shedders
had the highest responses to these antigens compared to vac-
cinated animals and animals with clinical Johne’s disease, ex-
cept for responses to Hsp70, which were highest in the ileal
LPL of animals with clinical Johne’s disease. The responses of
the vaccinated animals were comparable to the responses mea-
sured in animals with clinical Johne’s disease. The animals with
clinical disease had higher responses in their jejunal LPL com-
pared to their ileal LPL, which was likely related to the level of
infection, as judged by the histological appearance of the sec-
tions (Fig. 6).

Stimulation of IEL with mitogen or antigen did not result in
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were stained according to Ziehl-Neelsen for detection of acid-fast bacteria. The panels show representative sections of the ileum (A and B) and
the jejunum (C and D) of two cows with clinical signs of paratuberculosis. Panels A and C are from sections taken from the same animal; panels
B and D are likewise from sections taken from the same animal. Bars, 100 pwm.

proliferative responses, as measured by [?H]thymidine incor-
poration (data not shown).

DISCUSSION

To our knowledge, this is the first report to describe lym-
phocyte subset analysis and present a comparison of peripheral
(PBMC) and local (MLNC and LPL) lymphoproliferation in
different stages of bovine paratuberculosis induced by various
M. avium subsp. paratuberculosis antigens.

The role of CD4" Thl-type T cells and CD8" T cells in
protection against intracellular infections such as listeriosis,
tuberculosis, and leprosy has been studied extensively (re-
viewed in reference 40). The role of yd T cells in immunity to
intracellular infections is still not fully understood, but they
appear to contribute to protection in the early stages of infec-
tion (47). However, in later stages of disease, immunoregula-
tory yd T cells may predominate, limiting inflammatory tissue
damage (24). Based on functional and histopathological simi-
larities with leprosy and tuberculosis, it may be argued that the
various T-cell subsets play a similar role in bovine paratuber-
culosis (8, 14).

Several studies have shown previously in both cattle and
sheep with multibacillary lesions that clinical Johne’s disease is
associated with a progressive loss of cell-mediated immune
responses to mycobacterial antigens as measured by lympho-

proliferation of PBMC and gamma interferon production ( (4,
9, 18, 28-30, 42). One of the possible explanations for this
decline in peripheral responsiveness could be that, upon pro-
gression of the disease, M. avium subsp. paratuberculosis-spe-
cific T cells start homing preferentially to lesional sites due to
increasing local antigenic load (33, 34, 36, 46) as the multipli-
cation of bacteria increases. Our results showed that, whether
or not redistribution of cells occurs, it does not result in in-
creased proliferative responses in the MLMC of animals with
clinical Johne’s disease compared to shedders despite the in-
creased antigenic stimulation, due to increased bacterial rep-
lication, in the former group.

Our results indicated that when the asymptomatic stage is
compared with the clinical stage of Johne’s disease, there is a
decrease in the number of CD4™ T cells, whereas the CD8™ T
cells remain at comparable frequencies. In addition, we found
an increase of the yd T-cell frequencies. These findings argue
against effects caused by a space-occupying lesion (32), which
would result in proportional changes in the subset frequencies.
Our findings also indicate that there is a decrease in LPL
proliferative responses to PPD-P, self-Hsp70, and whole bac-
teria in animals with clinical Johne’s disease compared to
asymptomatic shedders, indicating a loss of Thl-like activity.
Together, these results support the hypothesis that in bovine
paratuberculosis the pathogenesis may be mediated predomi-
nantly by the loss of protective CD4"-T-cell responses during
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the course of the disease (27, 43). The loss of CD4" of and/or
vd T cells, through apoptotic cell death, has been described for
experimental M. tuberculosis infection (17, 31, 35). Apoptotic
deletion of T cells may, among others, be caused by vd T cells
(35) or increased TGF-B production (44). Some indications of
increased transforming growth factor g1 (TGF-B1) expression
have been found in paratuberculous sheep (2). In progressive
bovine paratuberculosis, CD4"-T-cell-directed cytotoxic ef-
fects of y8 T cells may contribute to the course of the disease
(11, 12). In addition, macrophages with increased numbers of
apoptotic bodies have been noted in the lesional tissue of in
cattle with clinical signs of disease (38), indicating an increased
occurrence of apoptosis.

In contrast, the responses to mycobacterial Hsp70 do not
tend to decrease in LPL of lesional tissue despite the signifi-
cant decrease in the number of CD4™" cells. Recently, Kimura
et al. (26) found M. tuberculosis Hsp70-reactive CD4™ T cells
that produced TGF-B and interleukin-10 and downregulated
Th1l T cells in a rat model for listeriosis, rendering the rats
susceptible to infection. In murine listeriosis, y8 T cells have
been described that apparently downregulate the Thl re-
sponses that cause tissue damage during later stages of an
inflammatory response (24, 37). Although hypothetical at this
stage, in bovine paratuberculosis the remaining Hsp70 reactive
T cells may be y3 T cells with a similar function, abrogating
Th1-type immune responses.

In conclusion, we hypothesize that the loss of putatively
protective CD4" T cells leads to a lack of control of mycobac-
terial replication and, subsequently, to the progressive granu-
lomatous enteritis typical of bovine paratuberculosis.
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