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Johne’s disease of cattle is widespread and causes significant economic loss to producers. Control has been
hindered by limited understanding of the immune response to the causative agent, Mycobacterium avium subsp.
paratuberculosis, and lack of an effective vaccine and sensitive specific diagnostic assays. The present study was
conducted to gain insight into factors affecting the immune response to M. avium subsp. paratuberculosis. A
persistent proliferative response to M. avium subsp. paratuberculosis purified protein derivative and soluble M.
avium subsp. paratuberculosis antigens was detected in orally infected neonatal calves 6 months postinfection
(p.i.) by flow cytometry (FC). CD4� T cells with a memory phenotype (CD45R0�) expressing CD25 and CD26
were the predominant cell type responding to antigens. Few CD8� T cells proliferated in response to antigens
until 18 months p.i. �� T cells did not appear to respond to antigen until 18 months p.i. The majority of WC1�

CD2� and a few WC1� CD2� �� T cells expressed CD25 at time zero. By 18 months, however, subsets of ��
T cells from both control and infected animals showed an increase in expression of CD25, ACT2, and CD26 in
the presence of the antigens. Two populations of CD3� non-T non-B null cells, CD2� and CD2�, proliferated
in cell cultures from some control and infected animals during the study, with and without antigen. The studies
clearly show multicolor FC offers a consistent reliable way to monitor the evolution and changes in the immune
response to M. avium subsp. paratuberculosis that occur during disease progression.

Johne’s disease, paratuberculosis, is a chronic wasting dis-
ease of the intestine caused by Mycobacterium avium subsp.
paratuberculosis. It causes significant economic loss to produc-
ers, especially the dairy industry, due to increase in forage
consumption, decreased milk production, and early culling due
to poor health of affected animals (reviewed in reference 51).
The disease has been difficult to control because of the lack of
sensitivity and specificity of available diagnostic assays (5) and
the lack of an efficacious vaccine (4, 33, 37). Available assays,
such as M. avium subsp. paratuberculosis antigen enzyme-
linked immunosorbent assays (ELISAs) and the gamma inter-
feron (IFN-�) assays, vary in their capacity to detect infected
animals in the early stages of the disease (reviewed in refer-
ence 51). Available vaccines have been shown to reduce the
severity of pathology but not stop shedding of bacteria (re-
viewed in reference 33). Consequently, there is both a need to
develop better diagnostic assays and a vaccine that, at a min-
imum, stops shedding during the productive life of dairy cattle.
At this juncture, information remains limited on the factors
affecting the immune response to M. avium subsp. paratuber-
culosis, and it is unlikely that it will be possible to make
progress on the development of a vaccine until the immune

response to M. avium subsp. paratuberculosis is better under-
stood. Studies to date have shown the time course of disease is
characterized by a long latency period (2 to 5 years) with no
clinical signs of disease. No defined time point has been de-
termined during this latency period when immune control of
infection begins to deteriorate and animals begin shedding
bacteria. It is thought that loss of immune control is associated
with a depression of cell-mediated immunity (CMI) and an
increase in the antibody response to M. avium subsp. paratu-
berculosis antigens. Comparison of the tissue distribution and
functional status of lymphocyte subsets in animals at different
stages of disease supports this supposition (38). Peripheral and
intestinal CMI responses were decreased in symptomatic com-
pared to asymptomatic animals (38). Disease progression ap-
peared to be associated with local loss of CD4� T cells and an
increase in �� T cells (11, 38). The underlying defect that could
be associated with a depression in CMI is dysregulation of
macrophage function mediated by M. avium subsp. paratuber-
culosis (56, 61, 65). Disruption of gene activation and signaling
through genes encoding tumor necrosis factor alpha (TNF-�),
interleukin-1 (IL-1), IL-12, and IFN-� and their receptors
could lead to a breakdown in the immune response controlling
infection (27, 36, 46). Studies with genetically susceptible and
knockout mice with defects in �� and �� T-cell receptors and
defects in CD4 and CD8 coreceptors have shown that CD4� T
cells with a type 1 cytokine profile (8) play a critical role in
maintenance of protection (38). The effector mechanisms used
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by CD4� T cells include secretion of IFN-�, which activates
bactericidal activity in macrophages, and secretion of lympho-
toxin, perforin, and granulysin (10, 52). Disruption could also
affect effector activity of CD8� T cells (10).

To gain further insight into the factors affecting the immune
response to M. avium subsp. paratuberculosis, it will be essen-
tial to use experimentally infected cattle where the evolution of
an immune response can be monitored from the time of first
exposure to the time of shedding and progression to clinical
disease. One question that must be answered to make this
approach successful, however, is whether animals can be uni-
formly infected by the oral route or whether it will be necessary
to directly inoculate animals to ensure they become infected.
An initial study has clearly shown direct inoculation of a large
dose of M. avium subsp. paratuberculosis into the tonsils leads
to infection and the appearance of humoral and lymphopro-
liferative responses to M. avium subsp. paratuberculosis anti-
gens (60). An antibody response was detected to two proteins
(�50 and �60 kDa) within 7 to 14 days of exposure and by 134
days of exposure to lipoarabinomannan (LAM). A persistent
lymphoproliferative response to LAM and soluble M. avium
subsp. paratuberculosis antigens was evident by 5 to 6 months.
CD4� T cells with a memory phenotype (CD45R0�) that ex-
pressed an activation molecule (CD26) were the predominant
cell type responding to both antigens. IFN-� response above
control values was evident by 194 days, while a nitric oxide
response in macrophages was evident by 160 days.

The present study was conducted to determine if animals
can also be uniformly infected by the oral route and whether

flow cytometry (FC) can be used, in conjunction with commer-
cial M. avium subsp. paratuberculosis antibody ELISAs, IFN-�
assays, and fecal sampling, to monitor the evolution of the
immune response to M. avium subsp. paratuberculosis antigens
during the early and late stages of infection. As reported here,
high-dose exposure by the oral route also leads to uniform
infection and the appearance of a lymphoproliferative re-
sponse to M. avium subsp. paratuberculosis antigens with sim-
ilar kinetics to those noted in animals directly inoculated with
M. avium subsp. paratuberculosis. The commercial ELISAs re-
mained negative during the course of the study. The IFN-�
assay yielded inconsistent results. Fecal shedding was not de-
tected at the time of writing of this report.

MATERIALS AND METHODS

Animals. Three newborn Holstein calves were obtained from the Washington
State University M. avium subsp. paratuberculosis-free dairy herd for the present
study. The five newborn calves experimentally infected with M. avium subsp.
paratuberculosis were obtained from a dairy in the middle of the state. The calves
were given daily doses of M. avium subsp. paratuberculosis (107 bacteria) by the
oral route for 7 days, starting at 24 to 48 h after birth. The calves were housed
and maintained according to the Institutional Animal Care and Use committee
guidelines and the Association for Assessment and Accreditation of Laboratory
Animal Care. The three M. avium subsp. paratuberculosis-free animals were
housed separately and served as controls.

MHC typing. Major histocompatibility complex (MHC) typing was performed
by hybridization of biotinylated, genomic PCR products from MHC class I,
DRB3, and DQA genes to short, 15- to 22-bp, oligonucleotide microarrays as
previously described (47). The only significant modification from our previously
published procedure was that instead of using heminested PCR for the class I
and DRB3 genes, all of the biotinylated PCR products were generated by single-
round amplification. Data were interpreted using Cytofile matrix analysis soft-

TABLE 1. BoLA typing results

Steer Class I
haplotypea

Class IIa
haplotypeb

DRB3
allelec

DQA1
allelec

DQA2
allelec

DQB
allelesc

C1 A11 DH24A 0101d 0101d 0101d

A13 DH23A 2703d 0101d 22031d 0103d � 1803d

C2 A15 (A8) DH22H 1101d 10011d wsu2-2e 1002d � 1402d

A20 DH08A 1201d 12011d 2201d 1005 � 1201d

C3 A14 (A8) DH11A 0902d 0204d 0301
A20 DH08A 1201d 12011d 2201d 1005 � 1201d

58 A12 (A30) DH16A 1501d 10011d 22021d 0102 � 1101
A15 (A8) DH22H 1101d 10011d wsu2-2e 1002d � 1402d

59 A14 (A8) DH27A 14011d 1401d 1401d

Blank New 3701f NDg ND ND

61 A13 DH23A 2703d 0101d 22031d 0103d � 1803d

A14 (A8) DH11A 0902d 0204d 0301

62 A12 (A30) DH16A 1501d 10011d 22021d 0102 � 1101
A14 (A8) DH11A 0902d 0204d 0301

63 w44 DH27A 14011d 1401d 1401d

a Although the class I typing was done by microarray hybridization, the sero-
logical names have been used for the class I haplotypes (14).

b Class IIa (D-region) haplotypes (16, 42, 47, 53).
c Allele names are the official names assigned by the BoLA Nomenclature

Committee (14, 54).
d Exon 2 sequence for this haplotype was confirmed at Washington State

University (J. Y. Park, J. Norimine, and C. J. Davies, unpublished data).
e New allele that does not yet have an official name from the BoLA Nomen-

clature Committee (J. Norimine and C. J. Davies, unpublished data).
f The class II alleles from this haplotype have not been sequenced. This allele

was assigned on the basis of microarray typing and needs confirmation.
g ND, not determined.

TABLE 2. MAbs used to determine the composition of PBMC at
time zero and after 6 to 7 days of culture with antigens

MAb Ig isotype Specificity (reference)

MM1A G1 CD3 (21, 43)
MUC2A G2a CD2 (35, 39)
BAT76A G2a CD2 (24, 39)
ILA-11A G2a CD4 (3)
CACT138A G1 CD4 (7)
CACT187A G1 CD4 (this report)
B29A G2a CD5 (19)
BAQ83A G2b CD6 (this report)
7C2B G2a CD8�? (this report)
CACT80C G1 CD8� (44)
BAT82A G1 CD8� (44)
GB21A G2b �� T cells � chain specific (17)
CACT61A M �� T cells � chain specific (17, 48)
CACT148A M �� T cells � chain specific (17)
GC44A1 G3 CD45R0 (unpublished; reactivity identical

to IL-116 [6])
BAQ44A M B cells (19, 34)
DH59B G1 CD172a (2, 22, 57)
LCTB2A G3 CD25 (23)
CACT116A G1 CD25 (45)
CACT114A G2b CD26 (41)
CACT200A G1 ACT1 (identical to B7A1 [IgM] [23])
CACT26A G1 ACT2 (23)
LCTB6A G1 ACT9 (23)
GB110A M ACT16 (23)
CACT195A M ACT27 (this report)
CACT216A M ACT28 (this report)
CACT225A G1 ACT29 (this report)
CACT185A G1 ACT30 (this report)
CACT152A M ACT31 (this report)
CACT191A M ACT32 (this report)
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ware (15). Although the class I typing was performed by microarray hybridiza-
tion, the serological names have been used to denote the haplotypes (Table 1).
The class II haplotypes are indicated using the D-region haplotype nomenclature
(16, 42, 47, 53). The official allele names assigned by the Bovine Leukocyte
Antigen Nomenclature Committee of the International Society for Animal Ge-
netics were used for the class II alleles present in each haplotype (14, 54).

Blood processing for tissue culture and FC. Peripheral blood mononuclear
cells (PBMC) used in cultures were obtained from buffy coat fractions of blood
collected in acid citrate dextrose (ACD) separated by density gradient centrifu-
gation with Accu-Paque (density, 1.086; Accurate Chemical & Scientific Corp.,
Westbury, N.Y.). Residual erythrocytes were lysed with H2O. Dead cells and
debris were removed from cultured cells by density gradient centrifugation be-
fore use in FC.

For analysis of the composition of peripheral blood at the initiation of culture,
10 ml of blood was collected in ACD and lysed in Tris-buffered NH4Cl to remove
erythrocytes. The resultant cells were washed several times in phosphate-buff-
ered saline (PBS) containing 20% ACD (PBS-ACD) to remove excess platelets
and then used in FC as described elsewhere (18).

Antigens. M. avium subsp. paratuberculosis purified protein derivative (PPD)
Johnin was obtained from the National Veterinary Service Laboratory. Live
bacteria used in the study and soluble antigen (SAg) were prepared from a field
isolate (8544) used in previous studies (29). M. avium subsp. paratuberculosis was
grown as previously described (60) and harvested by centrifugation at 1,500 � g
for 10 min at 4°C, washed three times in PBS, suspended in PBS (pH 7.4)
containing 0.01% Tween 80, and irradiated with exposure to a 60Co source for
26 h, using the fixed tube at a distance of 5.5 in. from base, in a Plexiglas rack (2.5
Mrad). The mycobacterial concentration was determined spectrophotometrically

as that producing an optical density at 600 nm of 0.2 of M. avium subsp.
paratuberculosis cells, approximately 108/ml. Irradiated cells were sonicated at
the settings of output control 6, duty cycle 60 continuous, using a cup sonicator
three times for 3 min, and with a 3-min rest on ice between rounds of sonication.
Soluble M. avium subsp. paratuberculosis antigen was prepared by vortexing M.
avium subsp. paratuberculosis cells mixed with the same amount (vol/vol) of
zirconia-silica beads (Biospec Products, Inc., Bartlesville, Okla.) with three to
five cycles of 2 min, with 1 min rest on ice in between cycles, and harvesting
supernatant following centrifugation at 4°C at maximum speed. Phenylmethyl-
sulfonyl fluoride was added to soluble M. avium subsp. paratuberculosis antigen
at a final concentration of 1 mM to prevent protein degradation. Protein con-
centration of SAg was calculated by measuring the optical density at 280 nm.

Cell culture and IFN-� ELISA. PBMC were resuspended in RPMI 1640
medium supplemented with 13% bovine calf serum, 2-mercaptoethanol, and an-
tibiotics and then distributed in T75 tissue culture flasks (3 � 106 cells/ml). Two
flasks each were stimulated with M. avium subsp. paratuberculosis PPD (20 �g/
ml; RPMI 1640 complete medium) or SAg (4 �g/ml). Two additional flasks were
cultured without stimulation. At 6 or 7 days poststimulation, the cultures were
collected and subjected to density gradient centrifugation to remove dead cells
and then labeled for FC as described elsewhere (18). Medium from the cultures
was collected after 1, 3, and 6 days of culture to assay for the presence of IFN-�.

Whole blood cultures were set up with fresh heparinized blood according to
the protocol recommended in the BOVIGAM IFN-� test kit (CSL Veterinary,
Parkville, Victoria, Australia) to test for the presence of IFN-� after 24 h of
culture. Two milliliters of blood was dispensed into each well of a 24-well tissue
culture plate. Antigen (40 �g of commercial Johnin PPD) was added to triplicate
wells for stimulation. Wells without antigen were used as controls. At 24 h, 100

FIG. 1. Summary of MAb combinations used to analyze the composition of PBMC following culture with PPD and M. avium subsp.
paratuberculosis SAg.
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�l of supernatant plasma or cultured medium was collected by centrifugation and
tested for the presence of IFN-� by using the BOVIGAM bovine IFN-� test kit
according to the protocols recommended by the manufacturer.

ELISA for antibody to M. avium subsp. paratuberculosis. Serological responses
were evaluated by using commercially available PARACHEK Johne’s absorbed
ELISA (CSL Veterinary) with absorbed serum and HerdChek M. paratubercu-
losis according to the protocols recommended by the manufacturer.

Serum samples were also submitted to the diagnostic laboratory for evaluation
with an antibody ELISA (IDEXX Labs., Westbrook, Maine).

Detection of M. avium subsp. paratuberculosis with RT-PCR. Cecal lymph
nodes were obtained at 1 year postinfection to test for the presence of M. avium
subsp. paratuberculosis by reverse transcription-PCR (RT-PCR). Total RNA
from bovine cecal lymph nodes was prepared using TRIzol reagent (Invitrogen,
Carlsbad, Calif.) according to the manufacturer’s instructions. The first-strand
cDNA was prepared using the SuperScript first-strand synthesis system for RT-
PCR (Invitrogen) with oligo(dT)12-18 as a primer. The PCR mixture contained
1� PCR buffer, a 0.2 mM concentration of each deoxynucleoside triphosphate,
a 0.1 �M concentration each of the IS900-specific forward (5	-CCGCTAATTG
AGAGATGCGATTGG-3	) and reverse (5	-AATCAACTCCAGCAGCGCGG
CCTCG-3	) primers, 1.25 U of Taq DNA polymerase (Invitrogen), and 1 �l of
first-strand cDNA template. Thermocycler conditions included 35 cycles of 95°C
for 30 s, 58°C for 30 s, and 72°C for 1 min. Amplification of the 229-bp PCR
product was confirmed by electrophoresis in 2% agarose gel.

FC. The monoclonal antibodies (MAbs) used in the present study are shown
in Table 2. The combinations of MAbs used in the three- and four-color analyses
are shown in Fig. 1. In some combinations, two MAbs of the same specificity and
isotype were used to increase the intensity of the fluorescent signal. MAbs
specific for the � chain of the �� T-cell receptor were used in combination with
MAbs to CD3 and CD2 to distinguish �� T cells from the CD2� WC1
 and
CD2
 WC1� �� T-cell subsets. WC1 (workshop cluster 1) is a unique molecule
expressed on a subset of �� T cells only found in Artiodactyla (20). Previous
studies have shown the WC1
 subset is the same as the � chain� CD2� WC1


subset and that the WC1� subset is the same as the � chain� CD2
 subset (17).
WC1 is used in the text with CD2 when describing results obtained on the CD2�

WC1
 and CD2
 WC1� populations of �� T cells. All MAbs were used at 15
�g/ml. The same combinations of MAbs were used throughout the study. In
brief, 106 cells were incubated for 15 min in 96-well conical bottom assay plates
in the respective cocktails of MAbs (50 �l of each MAb) in a final concentration
of 250 �l of first wash buffer (PBS–20% ACD containing 0.5% horse serum,
0.09% azide, and 0.1% phenol red), washed three times, and then incubated for
an additional 15 min in cocktails of isotype-specific second-step reagents conju-
gated with fluorescein, phycoerythrin, phycoerythrin-Cy5 (Tricolor), or Cy5
(Caltag, Burlingame, Calif., and Southern Biotechnology Associates, Birming-
ham, Ala.). Following incubation, the cells were washed two times in PBS-ACD
without phenol red, fixed in 2% PBS-buffered formaldehyde, and kept in the
refrigerator until examined.

FIG. 2. Representative dot plot profiles of PBMC labeled with four MAbs (Fig. 1B, MAb set 1) before (T0) and after 6 days of culture in RPMI
alone or with M. avium subsp. paratuberculosis SAg. The phenotypes of cell subsets present in each quadrant in the dot plot profiles are shown in
boxes above columns A to E. In profiles A, F, and K, the quadrants show the division between small lymphocytes in gate 1 and large cells in gate
2 and the relative frequencies of cells in each gate before and after culture. The profiles B, G, and L, with gates placed only on 1 and 2, show the
frequency of CD3� cells at each time point. The profiles in C, H, and M, with gates placed only on 1 and 2, show the frequency of CD3
 CD2


null cells, CD3� CD2
 ��� T cells, CD2� �� and CD2� �� T cells, and CD3
 CD2� null cells. At T0, the CD3
 CD2
 null population contains
CD3
 CD2
 null cells, B cells, monocytes, and dendritic cells. After 6 to 7 days of culture, this double negative population includes residual B cells
and CD3
 CD2
 null cells. The profiles D, I, and N, with gates on 1, 2, and CD3� cells, show the frequency of CD3� �� T cells, CD2� WC1
 ��
T cells, and CD2
 WC1� �� T cells. The profiles E, J, and O, with gates on 1, 2, and CD3� cells, show the frequency of CD2
 CD25
 �� T cells,
CD2� CD25
 �� T cells plus CD2� WC1
 �� T cells, CD2� CD25� �� T cells plus CD2� WC1
 �� T cells, and CD2
 WC1� CD25� �� T cells.
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A FACSort flow cytometer equipped with argon and red lasers, a Macintosh
Quadra computer, and Cell Quest software (Becton Dickinson Immunocytom-
etry Systems, San Jose, Calif.) was used to collect data. FCS Express software
(De Novo Software, Thornton, Ontario, Canada) was used to analyze the data.

Analysis of the proliferative response to M. avium subsp. paratuberculosis
antigens. Following oral inoculation, blood was collected every 2 weeks for 2
months, once a month to 14 months, and every 2 months thereafter and pro-
cessed for cell culture, the IFN-� assay, and FC. Sera were collected at each time
point for later analysis. In the first year, three-color FC was used to collect data
using the primary panel of MAbs shown in Fig. 1A. In subsequent studies,

four-color FC was used to collect data, using the primary panel of MAbs shown
in Fig. 1B. A secondary panel of MAbs was used at 50 weeks postexposure to
determine if additional molecules were upregulated on CD4� T cells stimulated
with M. avium subsp. paratuberculosis antigens (Fig. 1C). Selective gating was
used to obtain results on specific subpopulations of lymphocytes. For time zero
(T0), data were collected on 20,000 cells (see Fig. 2 and 3, below). Granulocytes
and nonspecific signal were excluded at the time of data acquisition. Gate 1 was
used to define small lymphocytes. Gate 2 was used to define monocytes and large
lymphocytes at the start of culture and large lymphocytes undergoing blastogen-
esis and proliferation on days 6 and 7 of culture (see Fig. 2). For analysis of

FIG. 3. Representative dot plot profiles of PBMC labeled with four MAbs at the start of culture (T0) (Fig. 1B, MAb set 5). Data were collected
in gates 1 and 2. Profile A, anti-CD172a versus anti-B-B2, shows the frequency of CD172a� monocytes in the upper left quadrant, CD172a� B-B2�

cells in the upper right quadrant, and CD172a
 B-B2� cells in the lower right quadrant. Profile B, anti-CD5 versus anti-B-B2, shows the frequency
of CD5� T cells in the upper left quadrant, CD5� B-B2� B cells in the upper right quadrant, and CD5
 B-B2� B cells in the lower right quadrant.
Profile C, anti-CD6 versus anti-B-B2, shows the frequency of CD6� T cells in the upper left quadrant, CD6� B-B2� cells in the upper right
quadrant, and CD6
 B-B2� cells in the lower right quadrant. Profile D, anti-CD5 versus anti-CD172a, shows CD5� T cells in the upper left
quadrant, CD5� CD172a� cells in the upper right quadrant, and CD172a� monocytes in the lower right quadrant.

FIG. 4. Representative dot plot profiles of PBMC from a control animal labeled with four MAbs after 6 days of culture in RPMI (Fig. 1B, MAb
sets 1 [A to D] and 5 [E to H]). Dot plot profiles A to D, with selective and exclusion gates on 2 and CD3, show that null cells comprise two unique
phenotypically distinct CD3
 CD2
 and CD3
 CD2� populations of cells. Profile A shows the frequency of CD3
 and CD3� cells present in gate
2. Profile B shows that the cells in gate 2 comprise four populations: CD3
 CD2
 null cells in the lower left quadrant, CD3� CD2
 �� T cells in
the upper left quadrant, CD3� CD2� �� and �� T cells in the upper right quadrant, and CD3
 CD2� null cells in the lower right quadrant. Profile
C, with an exclusion gate on CD3, shows the frequency of CD3
, CD2
 CD3
, and CD2� populations of null cells in gate 2. Profile D, with an
exclusion gate on CD3, shows that both null cell populations, CD3
 CD2� cells in the upper right quadrant and CD3
 CD2
 cells in the lower
right quadrant, express CD25. Dot plot profiles E to H, with selective and exclusion gates on 2 and CD5, show that the two null cell populations
do not express CD5 and that a subset of the null cells expresses CD6. Profile E shows the frequency of CD5
 and CD5� cells in gate 2. Profile
F shows the cells in gate 2 comprise four populations: CD5
 CD6
 null cells in the lower left quadrant, CD5� �� T cells in the upper left quadrant,
CD2� CD6� T cells in the upper right quadrant, and CD5
 CD6� null cells in the lower right quadrant. Profile G, with an exclusion gate on CD5,
shows the frequency of CD6
 and CD6� null cells in gate 2. Profile H, with an exclusion gate on CD5, shows the frequency of residual B-B2� B
cells present in the culture.
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cultured cells, data were collected with and without additional gates. An addi-
tional gate was placed on CD3� cells at the time of analysis to analyze the
composition of �� and �� T cells. In the first months of the study, gates were
placed on CD4� and CD8� T cells at the time of data acquisition because of the
low frequency of these subpopulations in unstimulated cultures. A gate was
placed on �� T cells at the time of analysis. Exclusion gates were place on CD3
and CD5 T cells to analyze null cells present in gate 2 (see Fig. 4, below). MAbs
specific for CD25 and CD26 were used to monitor the activation status of �� and
�� T cells and other cells in the cultures (23, 40). An additional MAb was used
to monitor the upregulation of a molecule, ACT2, uniquely expressed on acti-
vated �� T cells (Table 2; Fig. 1) (23). Figures 2, 3, and 5 to 7 (below) are
representative FC dot plot profiles of cells obtained from an animal that had
been infected for 18 months. Figure 4 is a representative set of profiles from a
control animal showing the characteristics of CD3
 CD2� and CD3
 CD2


populations of null cells that were present in some cultures of cells from control

and infected animals. Summary data on the response of control and infected
animals to PPD and SAg are shown below in Fig. 8 to 10.

Statistics. Data were analyzed by either repeated-measures, one-way analysis
of variance followed by a Tukey-Kramer multiple comparison test or with Stu-
dent’s t test.

RESULTS

FC analysis of the proliferative response to M. avium subsp.
paratuberculosis antigens. At the initiation of culture, CD4�

and CD8� T cells comprised, on average, �16 and 10%, of the
ungated cells, respectively. CD2� ��� T cells comprised
�42% of the CD3 gated cells. CD2� ��� and CD2
 ��� T
cells comprised �4 and 47% of the CD3� gated cells, respec-

FIG. 5. Representative dot plot profiles of CD4� T cells from an infected animal labeled with four MAbs at T0 and after 6 days of culture in
RPMI alone or with SAg (Fig. 1B, MAb set 2). A gate was placed on CD4� T cells to analyze the expression of CD25 and CD26 on naïve and
memory T cells present in gates 1 and 2. Profiles A, D, and G, SSC versus anti-CD4, show the frequency of CD4� cells in the cell preparations
in gates 1 and 2. Profiles B, E, and H, anti-CD25 versus anti-CD45R0, with a gate on CD4, show the frequency of CD25
 naïve (lower left
quadrant), CD25� naïve (upper left quadrant), CD25� memory (upper right quadrant), and CD25
 memory (lower right quadrant) T cells.
Profiles C, F, and I, anti-CD26 versus anti-CD45R0, with a gate on CD4, show the frequency of CD26
 naïve (lower left quadrant), CD26� naïve
(upper left quadrant), CD26� memory (upper right quadrant), and CD26
 memory (lower right quadrant) T cells.

VOL. 72, 2004 IMMUNE RESPONSE TO M. AVIUM SUBSP. PARATUBERCULOSIS 6875



tively (Fig. 2). CD3
 CD2� cells comprised �1 to 3% of the
ungated population of cells. The CD3
 CD2
 cells—B cells,
monocytes, dendritic, and null cells included in the CD3


CD2
 population—comprised �38% of the ungated cells
(Fig. 2). B cells, both CD5� and CD5
 populations, com-
prised a variable proportion of cells at the start of culture (Fig.
3).

The composition of cultured cells changed with time follow-
ing infection with M. avium subsp. paratuberculosis. Based on
side and forward light scatter, lymphocytes were small and fell
into gate 1 at the start of culture. Up to 5 to 6 months, both ��

and �� T cells remained small in cultures of unstimulated and
stimulated cells from control and infected animals cultured for
7 days. Only 6 to 10% of lymphocytes fell into the large lym-
phocyte gate (i.e., gate 2 in Fig. 2). In cultures from some
control and infected animals, however, populations of CD3


CD2
 and CD3
 CD2� null cells increased in size and pro-
liferated. These cells proliferated in the presence and absence
of antigen. As shown in representative profiles in Fig. 4, ex-
amination of cells present in the large lymphocyte gate (i.e.,
gate 2) with an exclusion gate on CD3 revealed that both
CD3
 CD2
 and CD3
 CD2� null cell populations expressed

FIG. 6. Representative dot plot profiles of CD8� T cells from an infected animal labeled with four MAbs at T0 and after 6 days of culture in
RPMI alone or with SAg (Fig. 1B, MAb set 3). A gate was placed on CD8� T cells to analyze the expression of CD25 and CD26 on naïve and
memory T cells present in gates 1 and 2. Profiles A, D, and G, SSC versus anti-CD8, show the frequency of CD8� cells in the cell preparations
in gates 1 and 2. Profiles B, E, and H, anti-CD25 versus anti-CD45R0, with a gate on CD8, show the frequency of CD25
 naïve (lower left
quadrant), CD25� naïve (upper left quadrant), CD25� memory (upper right quadrant), and CD25
 memory (lower right quadrant) T cells.
Profiles C, F, and I, anti-CD26 versus anti-CD45R0, with a gate on CD8, show the frequency of CD26
 naïve (lower left quadrant), CD26� naïve
(upper left quadrant), CD26� memory (upper right quadrant), and CD26
 memory (lower right quadrant) T cells.
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CD25. Analysis of the CD172A, CD5, CD6, and B-cell com-
bination showed that in cultures where few CD3
 CD2
 and
CD3
 CD2� cells proliferated, persisting B cells accounted for
most of the null cells present in the culture. An exclusion gate
on CD5, used with cultures where these populations prolifer-
ated, showed that the CD3
 CD2
 CD5
 cells did not express
B-B2, a marker of B cells. A subset, however, expressed CD6
(Fig. 4). Together, these findings demonstrated that a popula-
tion of non-T, non-B cells from mononuclear cell cultures of
young calves proliferate and express CD25 without specific
stimulation. Thus, selective gates were placed on CD3, CD4,
CD8, and �� T cells to exclude null cells when analyzing the
response of CD4�, CD8�, and �� T cells to M. avium subsp.
paratuberculosis antigens.

Up to 5 months, there was little difference in the composi-
tion of cultures of unstimulated and stimulated PBMC taken
from control and infected animals. The majority of CD4�,
CD8�, and �� T cells were present in the small lymphocyte
gate (i.e., gate 1 in Fig. 2). By 5 months a response to M. avium
subsp. paratuberculosis antigens was evident in some infected
animals. At 6 months, cells from all infected animals prolifer-
ated in the presence of M. avium subsp. paratuberculosis PPD

and SAg. After 6 to 7 days of culture in the presence of anti-
gens, 70 to 80% of the T cells were present in the large lym-
phocyte gate (i.e., gate 2 in Fig. 2). Analysis of gated CD4� T
cells showed that the majority of CD4� T cells fell into the
large lymphocyte gate and that they were CD45R0�, CD25�,
and CD26� (Fig. 5). CD45R0
 cells were present in the small
lymphocyte gate (i.e., gate 1 in Fig. 2) and were negative for
CD25 and CD26. As shown below in Fig. 8, the proportion of
CD45R0� CD25� and CD26� T cells from infected animals
was significantly higher at 24 and 50 weeks than in respective
samples from control animals. Further examination at 50
weeks showed additional activation molecules were also up-
regulated in response to stimulation with M. avium subsp.
paratuberculosis PPD and SAg (see Fig. 9).

The proliferative response of CD8� T cells was minimal to
50 weeks postexposure to M. avium subsp. paratuberculosis.
They comprised less than 10% of cells in stimulated and un-
stimulated cultures from control and infected animals. At 50
weeks, some CD8� T cells from infected animals were begin-
ning to respond to antigen (see Fig. 10). Although their fre-
quency in cultures was still low at 18 months, examination of
CD8� cells from infected animals showed some cells were

FIG. 7. Representative dot plot profiles of ��� T cells from an infected animal labeled with four MAbs at T0 and after 6 days of culture
in RPMI alone or with SAg (Fig. 1B, MAb set 4). A gate was placed on ��� T cells to analyze the expression of ACT2, CD25, and CD26
on �� T cells present in gates 1 and 2. Previous studies have shown these cells are CD45R0 positive (data not shown). Profiles A, E, and
I, SSC versus anti-�� T cells, show the frequency of �� T cells present in gates 1 and 2. Profiles B, F, and J, anti-ACT2 versus anti-CD26,
with a gate on �� T cells, show the frequency ACT2
 CD26
 (lower left quadrant), ACT2� CD26
 (upper left quadrant), ACT2� CD26�

(upper right quadrant), and ACT2
 CD26� (lower right quadrant) �� T cells. Profiles C, G, and K, anti-ACT2 versus anti-CD25, with a gate
on �� T cells, show the frequency of ACT2
 CD25
 (lower left quadrant), ACT2� CD25
 (upper left quadrant), ACT2� CD25� (upper right
quadrant), and ACT2
 CD25� (lower right quadrant) �� T cells. Profiles D, H, and I, anti-CD26 versus anti-CD25, with a gate on �� T cells,
show the frequency CD26
 CD25
 (lower left quadrant), CD26� CD25
 (upper left quadrant), CD26� CD25� (upper right quadrant), and
CD26� CD25
 (lower right quadrant) �� T cells.
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responding to antigens (Fig. 6). Selective gating showed the
responding cells were increased in size, CD45R0�, CD25�,
and CD26�. Small cells in gate 1 were CD45R0
, CD25
,
and CD26
.

As noted in Fig. 2, �� T cells comprised a large proportion
of cells present at the initiation and after 6 to 7 days of culture.
The majority of the �� T cells were CD2
 WC1�. The fre-
quency of this subset varied from 40 to 50% of the total T-cell
population in both control and infected animals. The CD2�

WC1
 population varied from 5 to 10%. The relative propor-
tions of these subsets did not change in unstimulated cultures.
The frequencies of both populations were lower in antigen-
stimulated cultures from infected animals containing prolifer-
ating CD4� T cells (Fig. 2). �� T cells expressed CD25 and
ACT2 at low levels (Fig. 7). They did not express CD26. Eigh-

teen months postinfection, �� T cells in cultures from control
and infected animals exhibited an activated phenotype in the
presence of PPD and SAg (Fig. 2 and 7). Selective gating on
small and large cells with a gate on the CD2� WC1
 popula-
tions showed 10% of the cells in the small lymphocyte gate
expressed CD25 at T0, 6% expressed CD25 after 6 days of
culture without antigen, and 13% expressed CD25 6 days after
culture with antigen, respectively. At the same time points, 50,
64, and 84% of the �� T cells in the large lymphocyte gate
expressed CD25 (Fig. 2). Selective gating on small and large
cells with a gate on CD2
 WC1� cells showed 70% of the cells
in the small lymphocyte gate expressed CD25 at T0, 52%
expressed CD25 after 6 days of culture without antigen, and
81% expressed CD25 at 6 days after culture with antigen. At
the same time points, 86, 96, and 98% of the cells in the large

FIG. 8. Summary of FC analysis of CD25 and CD26 expressed on CD4� CD45R0� T cells stimulated with PPD and M. avium subsp.
paratuberculosis SAg. Significant differences were noted between control animals and animals infected with M. avium subsp. paratuberculosis as
indicated in the figure (a, P � 0.01; b, 0.01 � P � 0.05).

FIG. 9. Summary of FC data on nine activation molecules upregulated on CD4� CD45R0� T cells 50 weeks following stimulation with PPD
and M. avium subsp. paratuberculosis SAg. The significant differences between control animals and animals infected with M. avium subsp.
paratuberculosis are as indicated in the figure (a, P � 0.01; b, 0.01 � P � 0.05).
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lymphocyte gate expressed CD25 (Fig. 2). In the presence of
antigen, subsets coexpressing ACT2 and CD26 or CD26 alone
were readily distinguished. Selective gating showed that the
cells expressing higher levels of ACT2 and CD26 were present
in the large lymphocyte gate, indicating that they were acti-
vated and proliferating.

IFN-� and ELISA assays. As noted in a previous study (5),
IFN-� responses did not yield consistent results over time
(data not shown). Some infected animals tested positive at
some time points and negative at other time points during the
course of the study. No positive results were obtained with the
absorbed ELISA for M. avium subsp. paratuberculosis-specific
antibody with infected animals (data not shown). Serum sam-
ples submitted to the Washington State Diagnostic Laboratory
and examined by HerdChek ELISA (IDEXX Labs) were also
negative. M. avium subsp. paratuberculosis was not detected in
any of the fecal samples submitted to the diagnostic laboratory
throughout the period of investigation.

Detection of M. avium subsp. paratuberculosis in tissue bi-
opsies. To determine if M. avium subsp. paratuberculosis could
be detected in infected animals responding to M. avium subsp.
paratuberculosis antigens, PCR was performed on cecal lymph
node tissue taken at 12 months postexposure from the control
and infected animals. Similar to findings in previous studies,
M. avium subsp. paratuberculosis was not detected in tissues
from every animal (60). Lymph nodes from two of the infected
animals were positive by RT-PCR (data not shown).

Effect of MHC haplotype on the immune response to M.
avium subsp. paratuberculosis. At the time of writing of this
report, no clear differences were detected in the immune re-
sponse of cattle with different MHC genotypes (Table 1) to
M. avium subsp. paratuberculosis as analyzed by FC. Therefore,
data were combined for statistical analysis of the response of
individual subpopulations of cells to M. avium subsp. paratu-
berculosis antigens.

DISCUSSION

The results presented here extend previous observations and
reveal the importance of using multicolor FC for in vitro anal-
ysis of the immune response to M. avium subsp. paratubercu-
losis. Using the intratonsillar inoculation model, we were able
to show animals can be uniformly infected and used to examine
the evolution of an immune response to M. avium subsp. para-
tuberculosis (60). Fecal culture and IS900 RT-PCR confirmed
the animals were infected. Light shedding was detected be-
tween 146 to 271 days postinoculation (one to four colonies/
agar slant). At the termination of the study at 320 days, M.
avium subsp. paratuberculosis was isolated from tonsil, duode-
num, ileum, and jejunum and the ileal, jejunal, and spiral colon
lymph nodes. M. avium subsp. paratuberculosis was not ob-
tained from some tissues in each of the animals examined,
similar to the findings of Koets et al. (38). Sequential sampling
and culture of PBMC with LAM and SAg revealed a recall
proliferative response to M. avium subsp. paratuberculosis was
detectable by 6 months after infection by tritiated thymidine
incorporation and FC. Phenotypic analysis by FC showed CD4�

T cells expressing CD45R0 and an activation molecule, CD26,
were the predominant cell type present in the cultures responding
to antigen. The IFN-� ELISA demonstrated the presence of
IFN-� in culture supernatants. Intracellular staining showed
CD4� T cells were the main cell type positive for IFN-�.

Infection by the oral route yielded similar results with the
kinetics of appearance of a proliferative response to M. avium
subsp. paratuberculosis antigens occurring in the same time
frame. In contrast to the variable results observed with the
IFN-� and serological ELISAs, a persistent strong cellular
recall response to M. avium subsp. paratuberculosis antigens
was observed with PBMC from all five infected animals at all
time points tested 6 months after infection. This is the first
consistent indication of infection in animals still fecal culture
negative and inconsistently positive in the IFN-� and antibody-

FIG. 10. Summary of FC analysis of CD25 and CD26 expressed on CD8� CD45R0� T cells stimulated with PPD and M. avium subsp.
paratuberculosis SAg. The significant differences between control animals and animals infected with M. avium subsp. paratuberculosis are as
indicated in the figure (a, P � 0.01; b, 0.01 � P � 0.05).
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based diagnostic ELISAs. This finding would be expected in
animals where the immune response to M. avium subsp. para-
tuberculosis is still controlling but not eliminating M. avium
subsp. paratuberculosis, as suggested in the recent National
Academy of Science report on Johne’s disease (51).

FC analysis confirmed CD4� T cells are the predominant
population of cells responding to antigens in the first year of
infection and, further, revealed the complexity of cultures
maintained over a 6- to 7-day period in the absence and pres-
ence of antigen. Analysis of CD4� and CD8� T cells showed
each population can be divided into three subpopulations
based on expression of CD45R0, a marker for memory T cells
(6, 28), and CD25 and CD26, markers used to determine the
state of cell activation (Fig. 5 and 6) (9, 32). CD4� CD45R0�

T cells comprised �50% of CD4� T cells at the start of culture;
�4 to 10% expressed CD25 at low levels; 10 to 20% expressed
CD26 at levels similar to the values obtained in animals 13 to
302 days of age. Following stimulation, the CD4� memory T
cells increased in size and began to proliferate. By 6 to 7 days,
the majority of CD4� T cells expressed CD25 and CD26 at
high levels (Fig. 5 and 8). They also expressed nine additional
activation molecules (Fig. 9). After 6 to 7 days of culture, few
naïve CD4� T cells were present in the culture. As noted at the
beginning of the culture, the naïve cells were small and nega-
tive for CD25 or CD26, indicating they had not been activated.
Analysis of CD8� T cells showed CD8� CD45R0� T cells
comprised �30% of the CD8� T cells at the start of culture,
�1% expressed CD25 at low levels, and �10% expressed
CD26. Up to a year, there appeared to be little change in size
or composition of the CD8� T-cell population in stimulated
cultures (Fig. 10). However, by 18 months, antigen-stimulated
CD8� T cells showed an increase in size and expression of
CD25 and CD26, suggesting that a progressive change in the
immune response to M. avium subsp. paratuberculosis was be-
ginning to occur (Fig. 6). Selective gating on large cells in gate
2 showed it was the CD45R0� memory T cells that increased
in size and expressed CD25 and CD26.

The response of �� T cells to M. avium subsp. paratubercu-
losis antigens was not clearly defined in the present study.
Analysis of the frequency and activation status of �� T cells in
the first months of the study showed the two major subpopu-
lations of �� T cells comprised a large proportion of the cells
in culture in the presence and absence of M. avium subsp.
paratuberculosis antigens at all time points during the study.
The CD2� ��� population corresponds to the CD2� WC1


population, and the CD2
 ��� population corresponds to the
CD2
 WC1� population. These populations are distinct (17).
They have different patterns of trafficking in blood and tissues
(26, 62–64). The frequency of CD2
 WC1� cells is high in
blood and low in intestinal epithelial and lymphoid tissues and
skin. CD2
 WC1� cells express CD62L (L selectin) at high
levels, whereas the CD2� WC1
 population expresses a low
level of CD62L. The latter population is present at a low
frequency in blood and most tissues but high in the spleen. The
relative proportions of these two populations of �� T cells
remained similar in unstimulated and antigen-stimulated cul-
tures of cells. At the initiation of culture, CD2
 WC1� �� T
cells were the predominant population expressing CD25. The
majority of these cells were present in the small lymphocyte
gate, indicating they were not activated. CD2� WC1
 �� T

cells expressing CD25 were found mainly in the large lympho-
cyte gate, suggesting they were activated. There appeared to be
minimal expression of ACT2 or CD26 on either population of
cells in cultures prepared during the first year of the study.
However, at 18 months, subsets of �� T cells in cultures of cells
from both control and infected animals either coexpressed
ACT2 and CD26 or expressed CD26 alone. Cells expressing
these molecules were present in the large lymphocyte gate,
indicating they were proliferating.

Of particular interest, the study revealed the presence of two
populations of null cells: one, CD3
 CD2�, considered to be
NK cells and one that was CD3
 CD2
. The latter population
has not been previously reported. The appearance of these two
populations of cells in unstimulated and antigen-stimulated
cultures from control and infected animals was not anticipated.
The predominant population in most cultures where prolifer-
ation occurred was CD3
 CD2
. It was also CD5
 B-B2
, and
a subset expressed CD6. Culture conditions promoting prolif-
eration of these populations of cells are not known, but it is
clear that the random appearance of this population in cultures
of PBMC could account for the high background noted in
studies where tritiated thymidine has been used to detect cell
proliferation. The data obtained in this study would have been
difficult to interpret based on tritiated thymidine incorpora-
tion. The use of exclusion gating permitted us to analyze the
antigen-specific responses of lymphocyte subsets in all cultures.

Limited information is available on whether there is any
association of disease resistance or susceptibility to M. avium
subsp. paratuberculosis linked to a given MHC haplotype. The
data obtained here did not reveal any difference in the time of
appearance or magnitude of the proliferative response to PPD
or SAg. Further studies are needed with additional infected
animals with different MHC haplotypes to determine if there
are MHC-linked associations affecting the rate of disease pro-
gression.

Elucidation of how M. avium subsp. paratuberculosis mod-
ulates the immune response and evades immune elimination
is crucial to understanding what strategies need to be em-
ployed to develop an effective vaccine. The general view is
that protection is mediated through CMI against M. avium
subsp. paratuberculosis and that disease progression corre-
lates with an apparent shift in the dominant immune re-
sponse to M. avium subsp. paratuberculosis from a strong
CMI response to a humoral response. Cumulative data from
studies of Mycobacterium tuberculosis and M. avium subsp.
paratuberculosis indicate that CD4� T cells with a type 1
cytokine profile and CD8� T cells are the primary cells
mediating protection against intracellular pathogens. The
role of �� T cells remains unclear, especially in Artiodactyla,
where two phenotypically distinct complex subpopulations
exist. As mentioned, the subsets differ in tissue distribution
and patterns of trafficking. The effector mechanisms of
CD4� cells are associated with secretion of IFN-�, which
activates bactericidal activity in macrophages, lymphotoxin,
perforin, and granulysin (10). The effector mechanisms of
CD8� T cells and �� T cells are less clear, but there is
evidence that CD8� and �� T cells also secrete granulysin
(10, 55). Their presence in M. tuberculosis lesions has sug-
gested they may synergize with CD4� T cells in mediating
protection. Dysregulation could involve disruption of cell
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signaling essential for maintenance of CMI at multiple
steps, beginning with the first encounter and uptake of the
pathogen by dendritic cells and macrophages (25, 58). Up-
take and sequestration of M. avium subsp. paratuberculosis
could involve the same receptors as described for M. tuber-
culosis and associated disruption in phagosome lysosome
fusion. Retention of TACO (tryptophan-aspartate-contain-
ing coat protein) in the phagosome appears to retard fusion
with lysosomes and protects replicating bacteria from bac-
tericidal oxygen and nitrous oxide intermediates produced
by activated macrophages (49, 50). Alterations in the cyto-
kine and chemokine profiles could affect innate immunity
and the way antigens are processed and presented to T cells
(27, 36, 46, 58). Progressive changes attributable to dissem-
ination and spread of M. avium subsp. paratuberculosis and
increased antigenic load could induce alterations in signal-
ing mediated through cytokines and chemokines that mod-
ulate the response to M. avium subsp. paratuberculosis antigens.
Recent gene profiling has revealed changes in gene expression
that could account for alterations in cell signaling mediated
through cell receptors and altered patterns of cytokine and
chemokine secretion (12, 13). Significant changes were noted
in expression of multiple genes in cultures of PBMC from
infected animals incubated with live M. avium subsp. paratu-
berculosis. Some genes exhibited increased expression in cells
from infected animals, while others exhibited a decrease in
expression. Of particular interest, changes were noted in the
expression of IFN-�, IL-10, and CD154 (CD40L). M. avium
subsp. paratuberculosis-mediated arrest of phagosome matura-
tion also appears to involve members of the rab family of small
GTPases, which confer fusion competence in the endocytic
pathway (30, 56, 59). More specific changes that might be as-
sociated with M. avium subsp. paratuberculosis-mediated changes
in gene expression and potential mechanisms of pathogenesis
have been found in tissue samples taken from the ileum of
M. avium subsp. paratuberculosis-infected animals. A large in-
crease in expression of IL-1� and TNF receptor-associated
factor 1 were found in tissues from infected animals (1). In-
creases in secretion of IL-1� could lead to local toxicity and re-
duced proinflammatory signaling mediated by TNF-�. Wheth-
er specific changes in gene expression can be associated with
functional changes in CMI and humoral responses to M. avium
subsp. paratuberculosis are not yet clear. Comparative analysis
using single-fluorescence FC did not reveal any statistically
significant differences in blood lymphocyte and monocyte pop-
ulations between infected and uninfected animals (12). How-
ever, a more comprehensive study by Koets et al. (38) has
shown that progressive changes in the frequency of CD4� T
cells and �� T cells might correlate with changes in gene
activation. Using immunohistochemistry and single-fluores-
cence FC, their studies with (i) normal animals, (ii) animals at
the asymptomatic but shedding stage of disease, (iii) symptom-
atic animals at the end stage of disease, and (iv) animals vac-
cinated with a live vaccine showed differences exist in the
frequency of CD4� T cells and �� T cells in the lesional areas
of the ileal lamina propria in symptomatic compared to
asymptomatic animals. Using tritiated thymidine incorpora-
tion, they also showed an overall lower proliferative response
to M. avium subsp. paratuberculosis heat shock protein 70, PPD,

whole bacteria, and concanavalin A in symptomatic compared
to normal, asymptomatic shedders and to vaccinated animals.

These recent observations are beginning to provide insight
into the immune response to M. avium subsp. paratuberculosis
and potential mechanisms by which M. avium subsp. paratu-
berculosis modulates the response during the course of disease.
With the higher resolution obtained with multicolor FC com-
bined with gene profiling, it should be possible to elucidate
how M. avium subsp. paratuberculosis affects immune recogni-
tion at the level of antigen-presenting cells and the events
during immune recognition and development of an immune
response to M. avium subsp. paratuberculosis. The finding that
a proliferative response to M. avium subsp. paratuberculosis is
not readily detected until 5 months after infection by direct
inoculation or the oral route suggests M. avium subsp. paratu-
berculosis interferes with pathways of activation associated with
antigen uptake by antigen-presenting cells. It will be important
to determine if M. avium subsp. paratuberculosis uses DC-
SIGN (CD209) similar to M. tuberculosis to dysregulate anti-
gen processing and/or disrupt toll-like receptor-mediated sig-
naling (31, 58).
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