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Five recombinant antigens (Ags; 85A, 85B, 85C, superoxide dismutase [SOD], and 35-kDa protein) were
purified from Mycobacterium avium subsp. paratuberculosis and evaluated for their ability to stimulate periph-
eral blood mononuclear cells (PMBCs) from fecal-culture-positive cows (low and medium shedders) and
culture-negative healthy cows. Recombinant Ags 85A, 85B, and 85C induced significant lymphocyte prolifer-
ation as well as the production of gamma interferon (IFN-v), interleukin-2 (IL-2), IL-12, and tumor necrosis
factor alpha (TNF-a), but not IL-4, from low and medium shedders. The 85 antigen complex did not stimulate
PMBC proliferation from culture-negative healthy cows. The 35-kDa protein also induced significant lympho-
cyte proliferation as well as the production of IFN-y and IL-4 from low and medium shedders. CD4* T cells
and CD25" (IL-2R) T cells were stimulated the most by 85A and 85B, while the 35-kDa protein primarily
stimulated CD21* B cells involved in humoral immune responses. Interestingly, SOD was less immunostimu-
latory than other antigens but strongly induced y8* T cells, which are thought to be important in the early
stages of infection, such as pathogen entry. These data provide important insight into how improved vaccines
against mycobacterial infections might be constructed.

Mycobacterium avium subspecies paratuberculosis is the caus-
ative agent of Johne’s disease (JD), which causes chronic gran-
ulomatous enteritis in ruminants. Clinically affected animals
develop chronic diarrhea and progressive weight loss that
eventually results in death, while subclinically infected animals
mainly have decreased production of milk. JD is of tremendous
economic importance to the worldwide dairy industry, causing
major losses due to reduced production and early culling of
animals with estimates of 20% of U.S. dairy herds affected and
costs of $220 million per year to the dairy industry (56). Cattle
are most susceptible to infection with this organism within the
first 6 months of life, but disease typically does not become
evident until 3 to 5 years of age. Infection occurs by ingestion
of contaminated manure, colostrum, or milk from infected
cows (50). Fetal infection also occurs, particularly in pregnant
cows with advanced disease (52).

Although JD is an important infectious disease of rumi-
nants, there is no effective vaccine against this disease. The
only currently available vaccine in the United States consists of
killed M. avium subsp. paratuberculosis in an oil adjuvant (26,
28, 39). Studies have demonstrated that vaccination with this
bacterin does not prevent infection but diminishes the multi-
plication of bacteria in the intestinal wall and limits the pro-
gression of lesions associated with clinical signs (19). Also,
there is a strong reaction at the injection sites after vaccination
with this killed bacterin (26, 28). Another drawback of this
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vaccine is that the vaccinated animals become tuberculin skin
test positive (26, 28). Clearly, there is a need for the develop-
ment of more effective vaccines against JD that can be used as
either a prophylactic and/or a therapeutic vaccine without hin-
dering tuberculosis screening of the cattle industry.

M. avium subsp. paratuberculosis, like M. tuberculosis, is an
intracellular pathogen, and cell-mediated immunity plays a
major role in the control of bacterial propagation and protect-
ing against JD (15, 16). Animal studies indicate that acquired
protection against tuberculosis is mediated by sensitized T
lymphocytes. In particular, gamma interferon (IFN-y)-secret-
ing CD4 " T lymphocytes are critical in mediating protection in
mice (6, 10, 17, 46, 47). IFN-y is a central cytokine in the
control of M. tuberculosis infection, as demonstrated by the
high susceptibility to mycobacterial infections in mice with a
disrupted IFN-y gene (11, 17) or in people with a mutated
IFN-vy receptor (21, 22, 37). In addition, major histocompati-
bility complex class I-restricted CD8" T cells that produce
cytokines such as IFN-y and tumor necrosis factor alpha
(TNF-o) are also required for resistance to M. tuberculosis
infection (41-43). Thus, the identification of mycobacterial
antigens (Ags) that preferentially activate both CD4 and CD8
T cells that secrete IFN-vy is critical to the development of
recombinant and/or DNA vaccines against JD.

In recent years, several novel antigens from M. tuberculosis
have been identified that induce protection in a mouse model
when used as either adjuvant proteins (single or fusion pro-
teins), plasmid DNA, or live bacterial vectors (12, 18, 23, 33,
54). These include the 85 antigen complex (23, 53), Mtb8.4 (9,
10), Mtb32 (46), Mtb39 (46), ESAT-6 (4), rv3407 (32), phos-
phate transport receptors (55), heparin-binding hemagglutinin
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TABLE 1. Sequences of PCR primers and TagMan probes specific for bovine GAPDH and cytokines

Cytokine and

primers Sequence (5'-3") Length Probe Probe sequence (5'-3") Accession no.
GAPDH 67 P-492 CACTGTCCACGCCATCACTGCCA AF077815
F-470 GCATCGTGGAGGGACTTATGA
R-536 GGGCCATCCACAGTCTTCTG
IL-12p40 101 P-906 TGCCAACGTCCGCGTGCAA U11815
F-884 CCACCGTCACATGCCACAAGG
R-944 CTGTAGTAGCGGTCCCGGG
1L-4 66 P-332 TCCTGGGCGGACTTGACAGGAATC M77120
F-311 GCCACACGTGCTTGAACAAA
R-376 TCTTGCTTGCCAAGCTGTTG
IL-2 81 P-317 CCCCAGAGATCAAGGATTCAATGGACA M12791
F-293 ITTAGCTCCAAGCAAAAACCTGA
R-373 TGTAGTTCCAAAACGATTCTCTTCA
IFN-vy 106 P-564 TCTCTTTCGAGGCCGGAGAGCATCA M29867
F-504 CAGAAAGCGGAAGAGAAGTCAGA
R-609 CAGGCAGGAGGACCATTACG
TNF-a 118 P-3310 AACCAGCCTCAGAGTTTCAGCGAGTTCC 714137
F-3261 TCTCCGTGCAAAAGTTGGG
R-3378 CGAACTCCAGCACAGCAGG

(38), and others that induce the production of IFN-vy in vacci-
nated animals. Since M. avium subsp. paratuberculosis and M.
tuberculosis share many homologous antigens, these studies
may provide important information for the development of
effective DNA vaccines against JD.

The aim of this study was to compare various M. avium
subsp. paratuberculosis antigens for their capacities to stimu-
late peripheral blood lymphocyte subsets from medium shed-
ders, low shedders, and healthy control cattle, respectively. We
analyzed the phenotypic changes and cytokine profiles of lym-
phocytes stimulated in vitro with several purified recombinant
M. avium subsp. paratuberculosis antigens by flow cytometric
analysis and real-time PCR.

MATERIALS AND METHODS

Animals. A total of 38 Holstein cows, 2 to 3 years old, were divided into three
groups. Healthy controls (n = 18) were negative for M. avium subsp. paratuber-
culosis infection, as determined by negative fecal culture and negative 1S900 PCR
testing. The healthy controls came from a farm that had been fecal culture and
1S900 PCR negative for the past 10 years. Positive animals were subdivided into
low shedders (n = 16; 1 to 30 CFU/g of feces) and medium shedders (n = 4; 31
to 300 CFU/gm of feces). In this study, heavy fecal shedders (>300 CFU/g of
feces) were unavailable since they are culled immediately from farms once they
are identified. Fecal culturing and IS900 PCR testing to determine M. avium
subsp. paratuberculosis infection status were performed as previously described
(44).

Recombinant antigen preparation. M. avium subsp. paratuberculosis recombi-
nant antigens 85A, 85B, 85C, 35-kDa antigen, and superoxide dismutase (SOD)
were cloned and expressed (13, 45) and purified as previously described (46). The
antigens used in this study had negligible (10 pg/ml) endotoxin in a Limulus
amoebocyte assay.

Isolation and culture of bovine peripheral blood mononuclear cells (PBMCs).
Peripheral blood (20 ml) of all cows was collected from the tail vein with
heparinized vacuum tubes. Isolation of lymphocytes from heparinized blood was
performed by differential centrifugation using Histopaque 1.077 (Sigma). Twenty
ml of heparinized whole blood was layered over 15 ml Histopaque in a 50-ml
sterile polypropylene tube (Falcon) and then centrifuged at 200 X g for 30 min
at room temperature. The plasma layer was discarded, and the mononuclear cell
layer was carefully collected and washed three times with phosphate-buffered

saline (PBS; pH 7.2). Contaminating red blood cells were lysed with 0.87%
ammonium KCl buffer by inverting them for 2 min at room temperature and then
immediately by adding 30 ml PBS.

The washed cell pellets were suspended in PBS and counted using a hemacy-
tometer and trypan blue to determine percent viability. Differential cell counts
consistently showed greater than 96% lymphocytes, 1% monocytes, and less than
3% granulocytes in the cell suspension.

The lymphocytes were resuspended at 2 X 10°/ml in RPMI 1640 containing
10% endotoxin-free fetal calf serum (FCS, Cellect Gold; ICN Biomedicals, Inc.,
Costa Mesa, CA), 2 mM rL-glutamine, 10 mM HEPES, 100 IU/ml penicillin, 100
pg/ml streptomycin, and 50 pg/ml gentamicin (Sigma), and 250 wl was added to
either 96-well round-bottom plates or flat-bottom plates, depending on the
purposes of the experiment.

Lymphocyte proliferation assay. To investigate lymphocyte proliferation in
response to individual antigens, a blastogenesis assay was performed. PBMCs
were initially incubated in a 96-well flat-bottom microplate for 3 days at 37°C in
a humidified atmosphere with 5% CO,. Cultures were then stimulated with
concanavalin A (ConA; 10 wg/ml), purified protein derivative (PPD; 10 wg/ml),
or each purified recombinant protein (10 pg/ml), and 40 pl (1.0 wCi) of methyl-
3H-thymidine (PerkinElmer Life Science Inc, MA) in culture medium was added
to each well. The cells were incubated for an additional 18 h in the same
conditions, and the cells were then harvested using a semiautomatic cell har-
vester (Skatronas, Lier, Norway). Blastogenic activity was recorded as counts per
minute (cpm) of radioactivity based on liquid scintillation counting.

Results were expressed as stimulation indices (SI) calculated as follows:

_ (cpm of antigen-stimulated positive culture) — (cpm of background)

St= (cpm of control culture or negative culture) — (cpm of background)

IFN-vy assay. IFN-y was measured in culture supernatants using a commercial
kit specific for bovine IFN-y following the manufacturer’s instructions (Bio-
source Int., Camarillo, CA). The plates were read at 450 nm in a model 312E
enzyme-linked immunosorbent assay (ELISA) reader (BioTEK Instruments,
Inc., Winooski, VT), using any reference filter from 630 nm to 750 nm. The
results were calculated based on a comparison of negative- and positive-control
optical density (OD). Results were determined as either negative (<OD of
positive control) or positive (>OD of positive control) relative to the cutoff value
according to the manufacturer’s instructions.

Comparison of antibody responses. The ELISA was performed to evaluate the
seroreactivity of the recombinant antigens following steps as previously described
(45). An indirect ELISA was optimized using 2.5, 5, or 10 pg/ml of each antigen
and 1:100 diluted serum by checkerboard titration. Flat-bottom 96-well plates
(Maxisorp; Nunc, Roskilde, Denmark) were coated with 100 wl of each antigen
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FIG. 1. Proliferative responses of peripheral blood mononuclear cells from infected and healthy control cows stimulated in vitro with five M.
avium subsp. paratuberculosis recombinant proteins. The results are expressed as a stimulation index, and the error bars represent standard
deviations from the means. No significant proliferation was noted to any antigen by PBMCs from noninfected cows (P > 0.05). 85A and the 35-kDa
protein showed the most proliferative activity in low and medium shedders, respectively.

in carbonate-bicarbonate buffer (14.2 mM Na,COj3, 34.9 mM NaHCO;, 3.1 mM
NaN;, pH 9.5) at 4°C overnight, followed by washing three times with PBS
containing 0.05% Tween 20 (PBST washing buffer) using an ELx405 microwell
plate washer (BioTEK Instruments, Inc., Winooski, VT). Uncoated sites in the
wells were blocked with 5% skim milk in PBST at 37°C for 1 h. The plates were
washed twice with PBST, and 100 pl of optimally diluted (1:25,000) conjugated
anti-bovine immunoglobulin G (IgG)-horseradish peroxidase (Sigma) was added
to all wells and incubated at 37°C for 1 h. The plates were washed three times in
PBST, and 200 pl of 2,2'-azinobis-thiazoline-6-sulfonic acid (Sigma) was added
to each well. The plates were incubated at 37°C in the dark. After 30-min
incubation, stop solution (1 M HCI) was added and the plates were read three
times at 405 nm at 2-min intervals in the model 312 ELISA reader (BioTEK

Instruments, Inc., Winooski, VT). Positive and negative sera and antigen and
antibody controls were included in each plate.

Flow cytometric analysis. A single-color flow cytometric analysis was per-
formed with monoclonal antibodies (interleukin-A11 [IL-A11], IgG2a, CD4 [5];
CACTS0C, IgG1, CD8«a [5]; MM1a, IgG1, CD3 [5]; BAQI5A, IgM, CD21 [5];
CACTI116A, IgG1, CD25 [IL-2Ra] [5]; and CACT63A, IgG1, vd T [5] cells)
against bovine lymphocyte markers. Briefly, cells were washed three times in
fluorescence-activated cell sorter (FACS) buffer, incubated with the first anti-
body for 30 min at 4°C, washed three times, subsequently incubated with a
fluorescein isothiocyanate-labeled horse anti-mouse immunoglobulin antibody
(Vector) for 30 min at 4°C, washed twice, and collected in 200 wl of FACS fixed
buffer prior to analysis. Analysis was done on a flow cytometer (FACSCalibur;

Corrected O.D. value
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FIG. 2. IFN-y production in response to individual antigens is related to M. avium subsp. paratuberculosis shedding levels. The results are given
as OD values in stimulated wells minus OD values in control (naturally produced IFN-vy) wells. Error bars represent standard deviations from the
means. 85A and 85B were the most inducible antigens to produce IFN-y in bovine peripheral blood mononuclear cells from both shedders.
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FIG. 3. Antibody responses to individual antigens in related to M. avium subsp. paratuberculosis shedding levels. Bars represent the means OD
values at 405 nm. Error bars represent standard deviations from the means. All recombinant antigens showed increases of antibody responses
according to shedding levels and antibody responses to the 35-kDa protein were positively separated between noninfected healthy cows and both

shedders (P < 0.01).

Becton Dickinson). A forward-scatter—side-scatter live gate was used to measure
5,000 to 10,000 lymphocytes per sample. Based on the fluorescence data of the
lymphocytes, the results were expressed as the percentage of cells with positive
staining relative to that of a sample stained with an irrelevant isotype control
antibody.

Preparation of RNA and DNase I treatment. Cell pellets were washed twice in
50 ml PBS and pelleted, and 5 X 10° cells were lysed with 350 pl lysis buffer
according to the manufacturer’s recommendations (RNeasy mini kit; QTAGEN,
Valencia, CA) and kept at —80°C until RNA extraction and cDNA synthesis.
Total RNA was extracted from lysed cells or PMBCs using the RNeasy mini kit
(QIAGEN). The extracted total RNA was treated with 10 U/pl of RNase-free
DNase I at 37°C for 10 min followed by heat inactivation at 95°C for 5 min and
then chilled on ice.

RT of total RNA for cDNA synthesis. Reverse transcription (RT) was per-
formed in a 20-pl final volume containing 1.6 pl total RNA, 200 U Superscript
II reverse transcriptase (Gibco BRL), 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3
mM MgCl,, 0.01 M dithiothreitol, and 0.5 mM concentrations of deoxynucleo-
side triphosphates. The reaction mix was subjected to RT at 42°C for 50 min and
inactivated at 70°C for 15 min. The cDNA was analyzed immediately or stored at
—20°C until use.

Real-time quantitative RT-PCR. Approximately 1 to 5 ng of total RNA from
each treatment group was reverse transcribed by using Superscript reverse tran-
scriptase, random hexamers, and reverse transcriptase reagents (Gibco BRL).
Real-time primers and probes were designed with Primer Express software
(Applied Biosystems) using bovine glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), cytokine, and growth factor gene DNA sequences derived from
GenBank (Table 1). The internal probes were labeled with the fluorescent
reporter dye 6-carboxyfluorescein (FAM) at the 5’ end and the quencher dye
N',N',N',N',N'-6-carboxytetramethylrhodamine (TAMRA) at the 3’ end. The
PCR mixture consisted of 400 nM concentrations of primers, 80 nM TaqgMan
probe, and commercially available Universal PCR Master Mix (Applied Bio-
sytems) containing 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 5 mM MgCl,, 2.5 mM
concentrations of deoxynucleotide triphosphates, 0.625 U AmpliTaq Gold DNA
polymerase per reaction, 0.25 U AmpErase uracil-N-glycosylase per reaction,
and 10 pl of the diluted cDNA sample in a final volume of 25 pl. The samples
were placed in 96-well plates and amplified in an automated fluorometer (ABI
Prism 7700 sequence detection system; Applied Biosystems). Amplicon condi-
tions were 2 min at 50°C and 10 min at 95°C, followed by 40 cycles at 95°C for
15 s and 60°C for 1 min. Final quantitation was done using the comparative cycle
threshold (C) method and is reported as the relative transcription or the n-fold
difference relative to a calibrator cDNA.

Statistical analysis. Statistical analysis of the data was performed with Excel
and GraphPad Prism software package version 2.0. Differences between individ-

ual groups and antigens and cytokine gene expression were analyzed with Stu-
dent’s ¢ test. Differences were considered significant if probability values of <0.05
were obtained.

RESULTS

Lymphoproliferative responses to individual antigens. Five
unique M. avium subsp. paratuberculosis recombinant proteins
were analyzed for their ability to elicit proliferative responses
in PBMCs obtained from cows with different M. avium subsp.
paratuberculosis shedding levels. Proliferative activities of bo-
vine PBMCs from medium shedder cows were higher than
those in other groups in response to all recombinant proteins
and two positive controls (P < 0.05), although there was vari-
ation among individual cows. PBMCs from medium shedder
cows treated with 85A, 85B, and the 35-kDa protein antigens
demonstrated an SI significantly higher (P < 0.05) than that of
PBMC:s treated with other recombinant antigens. In addition,
proliferative responses to the 35-kDa protein in low shedders
were even greater than those of medium shedders in response
to SOD (P < 0.05) (Fig. 1).

Production of IFN-y by recombinant antigens. IFN-y pro-
duction after stimulation with five recombinant antigens or two
positive controls was measured in PBMCs from infected and
uninfected control cows. The results are given in corrected OD
values (OD of antigen stimulated minus OD of control) rep-
resenting the elevation of IFN-y production by the various
antigens. All recombinant antigens tested induced the signifi-
cant release of IFN-y in cultures of bovine PBMCs from in-
fected cattle compared to uninfected controls (P < 0.05), and
IFN-y levels were consistently higher in medium shedders than
in low shedders (P < 0.05) (Fig. 2). The recombinant antigens
85A and 85B induced significantly higher levels of IFN-y in the
low shedders than the other recombinant antigens tested and
the two positive controls (P < 0.05).
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FIG. 4. Changes in T-cell subset distribution in bovine peripheral blood lymphocytes after stimulation with recombinant antigens as determined by
FACS analysis. (A) CD4. Ag 85A and Ag 85B induced a higher proportion of CD4™ T lymphocytes in medium shedders than in low shedders, while the
percentage of CD4" lymphocytes was unchanged in noninfected control cattle. (B) CD8. Ag 85A increased the proportion of CD8" T lymphocytes in
medium shedders, while the increased percentage of CD8™ lymphocytes was very low in noninfected cattle. (C) CD25. Ag 85A and Ag85B increased the
proportion of CD25" T cells in both shedder groups, while they had little effect in noninfected cattle. In contrast, Ag 85C and the 35-kDa protein
significantly increased the proportion of CD25" T cells in only the medium shedders (P < 0.05). (D) v8" T cells. All antigens resulted in significantly
lower increases in all cell subsets in both the low and medium shedder groups except SOD for y8* T cells in medium shedders.

Comparison of antibody responses to recombinant antigens.
Levels of IgG antibodies to all recombinant antigens were
measured in sera from both shedder groups and healthy con-
trols. Although there was a wide variation in antibody content
in sera from individual cows, the mean IgG antibody responses
against all recombinant antigens increased significantly in both
the low and medium shedder groups. No significant differences
were observed among the mean levels of antibody of the low
shedder group to any of the antigens tested (Fig. 3). Strikingly,
antibody responses to the 35-kDa protein were significantly
higher in the medium shedder group than those to the other
antigens (P < 0.05).

Changes in lymphocyte subset distribution in response to
recombinant antigens. Antigen-stimulated T-cell and/or B-cell
subsets were examined by single-color flow cytometry for dif-

ferences in the percentages of CD4*, CD8", CD3", CD21",
and CD25" lymphocyte subsets, as well as of y8* T cells in
PBMC cultures from both shedder groups and healthy controls
after stimulation with each recombinant antigen (Fig. 4 and 5).
All lymphocyte subsets investigated in this study increased, but
depending on bacterial shedding levels, there were slight dif-
ferences (P < 0.05) between noninfected cattle and low shed-
ders according to recombinant antigens.

CD3 is a pan T-cell marker that is expressed by CD4" and
CD8" cells as well as y8" T cells. The proportion of CD25* T
cells increased in culture regardless of the recombinant antigen
used (P < 0.05) (Fig. 4C). These results suggest that all anti-
gens used in this study are able to stimulate sensitized T cells.

While all recombinant antigens tested increased the propor-
tion of CD4™ cells in cultures of bovine PBMCs from infected
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FIG. 4—Continued.

cattle compared to uninfected controls (P < 0.05), 85A and
85B increased the proportion of CD4* T cells to signifi-
cantly higher levels than 85C, the 35-kDa protein, and SOD
(P < 0.05). The proportion of CD4™ T cells was also greater
in cultures treated with 85A and 85B among PBMCs from
medium shedders than that from low shedders (P < 0.05)
(Fig. 4A). In contrast, a significant increase in the propor-
tion of CD8™" T cells was found only in cultures treated with
85A, 85B, and 85C and the proportion of CD8" cells was
also greater in cultures treated with 85A and 85B among
PBMG:s from medium shedders than that from low shedders
(P < 0.05) (Fig. 4B). Only SOD was able to significantly
increase the proportion of y8* T cells in the cultures of
medium shedders (P < 0.05) (Fig. 4D). Lastly, all recombi-
nant antigens tested significantly increased the proportion
of CD21" B cells in cultures of bovine PBMCs from both
low and medium shedders compared to uninfected controls
(P < 0.05) (Fig. 6). Interestingly, the proportion of CD21"
B cells was significantly higher in cultures of bovine PBMCs

from medium shedders than that of the other recombinant
antigens tested (P < 0.05).

Comparison of cytokine mRNA expression levels. All re-
combinant antigens stimulated high levels of IL-2 mRNA
from PBMCs of medium shedders, with the antigen 85 com-
plex having a greater effect than either the 35-kDa protein
or SOD (P < 0.05) (Fig. 7). 85A also induced a high level of
IFN-vy, IL-12p40, and TNF-a mRNA (Fig. 8A, B, and C,
respectively) in medium shedders (P < 0.05). Strikingly,
PBMC s stimulated with the 35-kDa protein antigen highly
expressed IL-4 mRNA in both low and medium shedders (P
< 0.05) (Fig. 9).

DISCUSSION

This is the first report to describe lymphoproliferation,
cytokine responses, and changes in lymphocyte subset dis-
tribution from subclinically M. avium subsp. paratuberculo-
sis-infected cows stimulated with five unique M. avium
subsp. paratuberculosis antigens. The antigenic repertoire of
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FIG. 5. Differential changes of CD3" T lymphocytes in response to stimulation with recombinant proteins and two controls (ConA and PPD).
Data are expressed as the average of cells staining positive for CD3 (1 standard error of the mean) in response to each recombinant antigen relative

to the shedding level.

an outbred cattle population is both diverse and heteroge-
neous. It is possible, nevertheless, that a few antigens could
elicit protective immunity against M. avium subsp. paratu-
berculosis infection in ruminants, particularly if the compo-
nent T-cell epitopes demonstrate indiscriminate reactivity
and evoke responses with different host major histocompat-
ibility complex. One of the requirements of a candidate
vaccine antigen, therefore, is recognition by the immune
system during the course of infection by the majority of
animals of the target population. To test this requirement,

we used PMBC from M. avium subsp. paratuberculosis-in-
fected (low and medium shedders) and uninfected healthy
cows to assess the five candidate M. avium subsp. paratuber-
culosis antigens. The parameters used as indicators of T-cell
responses included Ag-specific proliferation, flow cytomet-
ric analysis of T/B-cell subsets, and measurement of cyto-
kine production to identify Ags most likely to stimulate
CD4™" lymphocytes of the Thl phenotype that are consid-
ered to play pivotal roles in the response against M. avium
subsp. paratuberculosis infection.

60 ¥

40 +

Increased Avg% positive staining cells

CD21" lymphocytes
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Medm shedders

Con A PPD
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FIG. 6. Increased CD21" B lymphocyte subsets in bovine peripheral blood lymphocytes after stimulation with recombinant antigens as
determined by FACS analysis. The results are reported as the average percent increase in positive-staining cells, and the error bars represent
1 standard error of the mean. Recombinant 35-kDa protein induced the largest increase in CD21" B lymphocytes in medium shedders. No
significant increase in the proportion of B lymphocytes was observed in response to the other antigens regardless of bacterial shedding levels

(P > 0.05).
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FIG. 7. IL-2 profiles of bovine PBMCs from noninfected cattle and low and medium shedders after stimulation with recombinant antigens for
24 h. Results represent the mean fold increases of IL-2 over unstimulated PBMCs, which served as calibrators. Ags 85A and 85B most strongly
stimulated medium shedders, while the 35-kDa protein and SOD had lesser effects (P < 0.05).

Although the nature of an effective immune response to
Johne’s disease in ruminants is not completely understood, it is
generally agreed that the most effective vaccination strategies
are those that stimulate T-cell responses, both CD4 and CDS,
to produce Thl-associated cytokines (15-17). Therefore, a
cocktail of several antigens that induces the production of
enduring Th1 responses is desirable and is probably an essen-
tial element of a successful vaccine. Among the five chosen M.
avium subsp. paratuberculosis Ags, 85A, 85B, and 85C are
homologous to 85A, 85B, and 85C from M. tuberculosis, re-
spectively (13). These Ags have been shown to contain T-cell
epitopes and could induce protection against tuberculosis or
leprae or Buruli ulcer infection in a mouse model by using
either recombinant protein antigens or DNA vaccines (30, 35,
36, 54). SOD induces a Thl response in a mouse model (34),
and the 35-kDa protein is a potential virulence factor of M.
avium subsp. paratuberculosis (2).

CD4™ T cells that secrete [FN-y are probably most impor-
tant in controlling the progression of M. avium subsp. paratu-
berculosis infection (17, 25). CD4" T cells that responded to
85A and 85B were significantly higher in both shedder groups
than other antigens. Further, 85A and 85B did not increase
CD4™" T cells in noninfected cattle, indicating that 85A and
85B antigens induce specifically sensitized CD4™ T cells by M.
avium subsp. paratuberculosis and may provide protective im-
munity against M. avium subsp. paratuberculosis infection
through maintaining circulating CD4*-T-cell populations in
the early infectious phase. Also, 85A and 85B increased the
number of CD25"-T-cell lymphocytes, which are associated
with IFN-y production. 85C may also induce protective immu-
nity since it is able to maintain circulating CD4" T cells and
induce CD25" T cells in the early phase. However, 85C-anti-
gen-induced CD4*-T-cell immune responses were less than
those evoked by 85A and 85B. These results may reflect dif-
ferences in the immunogenicity of 85C compared to 85A and
85B (20, 29).

T cells expressing the yd form of the T-cell receptor are a
major subpopulation of circulating lymphocytes in ruminants,
particularly in young animals, which are most susceptible to
paratuberculosis infection (27). Interestingly, SOD stimulated
lymphocytes to a lesser degree than the other antigens tested,
except for y8 T lymphocytes. The number of y3 T cells was
significantly higher in PBMC cultures treated with SOD in
noninfected cattle as well as in both shedder groups. Thus,
SOD may preferentially stimulate yd T lymphocytes compared
to the other antigens tested in this study. yd T cells are nu-
merous in mucosal tissues, the point of entry for mycobacterial
pathogens. It has also been postulated that y8 T cells provide
a link between innate and acquired immune responses (24, 31).
Other investigators propose a regulatory role for yd T cells
(14) by immunomodulation of o/ * T cells in both tuberculosis
and paratuberculosis in cattle (8, 40). These studies suggest
that SOD antigen may be important in the earlier stages of
infection by preferentially stimulating yd T cells (7). Addition-
ally, SOD induced less IFN-y production than the other anti-
gens used in this study, even in medium shedders.

Cytokine expression is generally lower in peripheral blood
than at local sites of infection (3). Also, expression of cytokines
is uniquely associated with the polarity of disease states in
mycobacterial infections (49). In this study, cytokine profiles
were significantly different depending on individual antigens
and shedding levels. Induction of IL-4 mRNA by both PPD
and the 35-kDa protein significantly increased in the medium
shedding levels (P < 0.001). In contrast, no significant differ-
ences were observed among the other antigens (P > 0.05).
Secretion of IL-4 is upregulated in cells from human tubercu-
losis patients compared to healthy skin-test-positive controls.
These results suggest that a shift in Th1 to Th2 cell activation
has occurred in severely affected patients compared to patients
with early tuberculosis infection (49). Similar results have been
noted for cattle infected with M. avium subsp. paratuberculosis
(51). These studies are in agreement with our results indicating
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FIG. 8. Comparison of cytokine mRNA profiles for IFN-y (A), IL-12p40 (B), and TNF-a (C) of bovine PBMCs from noninfected cattle and
low and medium shedders after stimulation with recombinant antigens for 24 h. Results represent the mean fold increase over unstimulated
PBMCs, which served as calibrators. The results are similar with Ags 85A and 85B most strongly stimulating medium shedders, while the 35-kDa

protein and SOD had lesser effects.

that immune responses to the 35-kDa protein are likely to be
more important in the later stage of disease since flow cyto-
metric analysis showed that the 35-kDa protein strongly in-
duced proliferation of B lymphocytes, especially in medium
shedders.

Other investigators have shown that IFN-y and IL-2 produc-
tion by Th1 cells is significantly higher in PBMCs isolated from
naturally infected cows with subclinical paratuberculosis than
that from control noninfected cows after stimulation of cells
with either ConA or a whole-cell sonicate of M. avium subsp.
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FIG. 9. IL-4 mRNA profiles of bovine PBMCs from noninfected cattle and low and medium shedders after stimulation with recombinant
antigens for 24 h. Results represent the mean fold increases of IL-4 over unstimulated PBMCs, which served as calibrators. The 35-kDa protein
strongly stimulated IL-4 mRNA expression in both low and medium shedders.

paratuberculosis (48). Similar results were obtained in this
study after stimulation with 85-complex antigens. In particular,
IFN-y and TNF-a gene expression induced by 85A was signif-
icantly higher depending on bacterial shedding levels (P <
0.001). However, Adams et al. did not find significant differ-
ences in IFN-y mRNA expression from peripheral blood
monocytes in subclinically infected cattle and suggested that
IFN-y production is a local phenomenon restricted to infected
tissues (1). It is possible that some M. avium subsp. paratuber-
culosis antigens induce the expression of IFN-vy inhibitory cy-
tokines, such as IL-10, in subclinical infections. In the present
study, IL-10 was slightly increased but no significant differences
were observed according to shedding levels and individual an-
tigens (data not shown). Our results corroborate the pattern of
cytokine expression observed in the different stages of paratu-
berculosis with a high degree of peripheral blood T-cell re-
sponsiveness noted for subclinically infected animals.

To identify the antigens most suitable for vaccine develop-
ment against JD, we have tested the ability of recombinant M.
avium subsp. paratuberculosis antigens to induce the expression
of cytokines that have been shown to play a key role in either
protection against or susceptibility to JD. IFN-y, IL-12, and
TNF-a are associated with protective responses, while 1L-4
correlates with susceptibility to the disease (54). Therefore, an
effective vaccine should include mycobacterial antigens that
induce protective Thl responses. In this study, we show that
85A, 85B, and 85C induces the secretion of protective cyto-
kines IFN-y, IL-12 and TNF-a while SOD induces TNF-a
only. It has been suggested that the 85 complex of antigens has
a strong ability to protect against disease progression in the
early infectious stage by induction of proinflammatory cyto-
kines such as TNF-a, IL-12, and IFN-y, which are important
cytokines in controlling mycobacterial growth (29). However,
to effectively induce protective immunity in a large outbred
ruminant population, a vaccine based on the 85 complex might
need to be combined with other important molecules that

could induce a biased protective Thl immune response. Such
a combination vaccine could provide various types of epitopes
and then may induce effective protection against M. avium
subsp. paratuberculosis infection, especially in the early stages
of disease.
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